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ABSTRACT 
A single tube condenser test facility capable of measuring heat transfer coefficient of 
condensing refrigerants in horizontal tube has been built and implemented at the Air 
Conditionning and Refrigeration Center at the University of lllinois. Baseline testing with 
CFC-12 and preliminary testing with HFC-134a has been done. For CFC-12 the 
experimental data was within ± 20% of the Shah correlation, ±27% of the Traviss 
correlation and ±25% of the CavaIlini-Zecchin correlation. Due to its higher liquid thermal 
conductivity the heat transfer coefficient for HFC-134a was higher than that of CFC-12 by 
as much as 22%. 
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CHAPTER 1 
INTRODUCTION 
Scientific interest in alternative refrigerants has been escalating since 1985 when 
scientific studies over the antartic suggested major depletion of the stratospheric ozone 
layer. Further studies have since revealed that the ozone depletion is due primarily to large 
amounts of Chlorine (C12) and Bromine (Br2) released in the atmosphere in the forms of 
halogenated chlorofluocarbons (EPA, 1987). 
The ozone layer is made of 03 molecules and serves as a shield to protect the earth 
from ultraviolet radiation striking the earth's surface. Unintercepted ultraviolet radiation 
from the sun could have severe effects on lives on earth. These effects could threaten 
human and aquatic organisms. They also have great potentials to cOhtribute to the 
greenhouse effect. 
In 1987, 24 countries signed an agreement under the Montreal Protocol to freeze all 
fully-halogenated chlorofluorocarbons namely CFC-11, -12, -113, -114, -115, at 1986 
consumption levels starting in 1989, another reduction of 20 percent to take place in 1993 
and another reduction of 50 percent by 1998 (EPA, 1987). However, a recent atmospheric 
assessment from NASA and other international organizations has concluded that the 
Montreal Protocol had overlooked other ozone depleting chemical reactions which are 
caused by "Polar Stratospheric clouds". These reactions are said to cause more ozone 
depletion in the antartic and the artic (ASHRAE,1991). Based on the magnitude of the 
ozone depleting effect of these chemical reactions NASA and other international 
organizations have concluded that "if the controls established by the Montreal Protocol in 
1987 were implemented by all nations, today's atmospheric abundance of chlorine 
[estimated at 3 parts per billion by volume (ppbv)] would at least double or even triple 
during the next century." (ASHRAE, 1991). As a reaction to these new findings a new 
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agreement has been signed by the international community to ban all CFC's by the year 
2000. (ASHRAE, 1991). 
Some of the Chlorofluorocarbons containing products are indispensable in our 
lives. Some of the most important CFC containing chemicals are refrigerants. For 
example CFC-12, or dichlorodifluoromethane with a chemical composition of CCl2F2 
known in the refrigeration industry as R12 is used as the working fluid in refrigeration 
services as important as the freezing of blood plasmas and in domestic, automobile and 
industrial refrigeration and air conditioning. 
With the imminent possibility of a complete CFC phase out by the next century, 
scientists have been studying chlorine-deficient compounds such as 
hydrochlorofluocarbons (HFC's) to replace CFC's. HFC's are acceptable CFC 
replacements because the Chlorine atom in the CFC is replaced by a hydrogen atom in the 
HFC which does not deplete the ozone layer. One such product, HFC-134a, has been 
found to have similar characteristics as CFC-12 but with an ozone depleting potential 
(ODP) near 0 compared to R12's ODP of 1. However, although HFC-134a has an ODP 
of zero, studies have shown that it can still contribute to the greenhouse effect (EPA, 
1987). 
With the replacement of CFC's one of the most important tasks facing the air 
conditioning and refrigeration industries is the design of new refrigeration systems. New 
refrigeration system designs are necessary because due to their different characteristics and 
properties, the new refrigerants cannot be "dropped in" old refrigeration systems. 
Expected problems include material compability, solubility with oil, low COP and 
efficiency of the components in the systems. There are four main components in a 
refrigeration system. The condenser, the evaporator, the compressor and the expansion 
device. A condenser test facility has been built in the Air Conditioning and Refrigeration 
Center at the University of lllinois at Urbana-Champaign. One of the main objectives is to 
study local heat transfer and pressure drop characteristics in condensation of alternative 
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refrigerants in horizontal and inclined tubes. The plan is to measure the local heat transfer 
coefficients and pressure drops at different flow conditions in a comparative way for CFC-
12 versus ozone safe refrigerants, particularly HFC-134a. 
A condenser is a heat exchanger where two fluids at different temperatures 
exchange heat. In this apparatus the test condenser was designed as a counterflow heat 
exchanger where the working fluid was the refrigerant and the coolant was water. 
Condensation occurs when the coolant temperature is lower than the saturation temperature 
of the refrigerant saturated vapor. The refrigerant vapor, therefore, changes phase from 
saturated vapor to saturated liquid. There are primarily two types of condensation. Film 
condensation occurs when a condensate film covers the inner surface of the tube 
circumferentially. This type of condensation is undesirable in the condenser because it 
creates an additional thermal resistance across the film due to a temperature gradient that 
forms from the vapor core to the inner surface of the tube. This temperature gradient can 
reduce the overall heat transfer coefficient of the condenser. Film condensation occurs at 
low Reynolds numbers usually at the outlet of the condenser. Forced convection 
condensation is characterized by high velocity vapor condensing at the inlet of the 
condenser. In this case the condensate is in the form of dry (or only thinly wetted) and wet 
areas which fall randomly on the surface. The surface is then covered with vapor across 
which there is not a temperature gradient therefore producing a higher heat transfer 
coefficient than in film condensation. The study of condensation heat transfer is important 
in the design and sizing of condensers. 
3 
Introduction 
CHAPTER 2 
LITERATURE REVIEW 
Most investigations for correlations applicable to heat transfer coefficients inside a 
horizontal tube have been based on modifying the Nusselt (1916) equation for laminar flow 
and the Prandlt equations for turbulent flow. 
The Nusselt equation was originally derived in 1916 to calculate heat transfer on a 
vertical flat plate and later its application was extended to the external surface of a vertical 
tube. 
[2.1] 
The Nusselt correlation was based on the following assumption: Laminar downward flow 
of condensate film due to gravity force. The most significant assumption was that the 
condensate film is thin, laminar and that the shear forces at the interface are due only to 
pressure change. 
The Prandlt equations used for forced convection flow are the following: 
9 dT 
=- (a+EH) d 
CpI PI Y 
[2.2] 
4 
PI 
du (tHE M) dy [2.3] 
These equations are solved in conjunction with the Zivi and Lockhart-Martinelli 
correlations. The Prandtl equations were based on the assumptions that the liquid layer is 
of uniform thickness, there is no liquid entrainment and the momentum and eddy 
diffusivities are equal. 
This literature survey covers forced convection and laminar film condensation 
believed to be the two most pertinent flow phenomena in horizontal tube condensation. 
Although the scope of this investigation only extends to horizontal and inclined tubes some 
of the correlations apply to vertical tubes as well. Both experimental and empirical 
correlations are reviewed. 
2.1 Forced Convection Condensation . Horizontal Tubes 
Akers et. al. (1959) condensed R12 and Propane vapor in a horizontal tube and 
derived an equivalent mass velocity by replacing the vapor core by a liquid core and 
assuming that the condensate film around the vapor core was all liquid. They derived the 
following liquid mass velocity which they used to obtain the Reynolds number: 
[2.4] 
U sing single phase assumptions they derived the following relations for heat transfer 
coefficient: 
Nu=O.0265 ReO.8 Pr 1/3 
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Azer, Abis & Swearingen (1971), performed experiments on forced convection 
condensation of R12 inside horizontal tubes. To correlate their data they used pressure 
drop data from their experiments to obtain the Lockhart-Martinelli parameter and they used 
a modified Nusselt number relations developed by Abis to obtain: 
0.337 0.90 XO.90 [~vI] [ppvl ]0.50 Nuz=0.039Prl Rev (4.67-X) ,... [2.5] 
However this equation agrees to within only ± 30 % with the Azer et. al. data and the 
experimental data obtained by Bae et al. (1971). 
Bae, et al. (1971), used the momentum and heat transfer analogy to develop an 
annular flow model based on a flat plate and a thin uniform liquid layer. From their R12 
and R22 experiments of condensation inside horizontal tubes, their heat transfer coefficient 
data agreed within 10% with their theoretical model. However, when compared to other 
correlations their data showed considerable amounts of scatter. Furthermore, applications 
of the predicted heat transfer coefficient model are restricted to vapor qualities greater than 
20%, low vapor flow rates and the annular flow regime. 
Cavallini & Zecchin (1971), performed experiments with Rll, R12 and R1l4 
condensing at high vapor velocities. The experiments were performed inside a vertical 
tube. They defined a mean Nusselt number as: 
N 0 05 R 0.8 P 0.33 Um=· e(eq,m) rO,m) 
Re(eq,m), the mean equivalent Reynolds number was defined as 
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[2.6] 
(&XPI"p.SO Re(eq,m) =Reg llli . pg) +Rel [2.7] 
Rev and ReI were both based on the inside diameter and calculated assuming that the flow 
was all vapor or all liquid respectively. The mean Reynolds number was calculated by 
taking the mean values between the inlet and outlet of the test section. 
The above correlations compared well with experimental data for R 11, R22, R 114. 
Although the experiments were performed inside a vertical tube, at high velocities the 
inertial forces dominated over gravitational forces and therefore the tube orientation seemed 
to have very little effect on the heat transfer coefficient. To support this argument the 
correlation was compared with correlations based on horizontal tubes. Compared with 
Rohsenow's R12 experiments, the correlation was off by more than 15%. However 
compared with Rohsenow's R22 work the correlation was within 15%. 
Eckels & Pate (1990), condensed R12 and R134a and correlated their data with the 
Cavallini-Zecchin, (1971), Shah, (1979) and Traviss et. al (1972) correlations. For both 
R134a and R12 their data were off by as much as 25% from the correlations. They then 
attempted to compare the heat transfer coeficients obtained for the two refrigerants based on 
similar mass fluxes and heating capacities. For condensation at equivalent mass fluxes 
they found an increase in heat transfer coefficient of 25 to 35% for R134a over R12. At 
equivalent heating capacities they found an increase in heat transfer coefficient of 10-20% 
for R134a over R12. 
Soliman et. al. (1967), modified the correlations developed for vapor condensing 
inside vertical tubes by Carpenter and Colburn (1951) and applied the Lockhart-Martinelli 
parameter for pressure drop and the Zivi Correlation for void fraction to predict the local 
heat transfer coefficient. 
The Carpenter and Colburn experiment was based on the th~ory that the fluid is 
subjected to three forces during condensation namely forces due to friction, gravity and 
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inertia. What stemmed from the Carpenter and Colburn experiment is that in condensing 
vapor most of the condensate film is turbulent and the thermal resistance is in the laminar 
sublayer. Soliman et al. used these same ideas but derived different expressions for the 
friction, gravity and momentum forces. Assuming a correlation of the same form as that of 
Carpenter and Colburn, they derived a heat transfer coefficient as: 
[ hzJlI ] = 0.036 Pr
0
.
65 F0.5 kIP~.5 I 0 [2.8] 
The wall shear stress, Fo, represents the sum of forces due to friction, momentum and 
gravity or 
F[, the force due to friction was derived based on the Lockhart-Martinelli (1949) pressure 
drop parameter: 
(:) =~~(:) [2.10] 
TPF v 
where 
~v=l + 2.85 X~·523 [2.11 ] 
This equation is from a correlation of the Lockhart-Martinelli data with Xtt, the Lockhart-
Martinelli parameter defined as : 
8 
X= 
tt 
0.1 O.S 0.9 
(~~) (:;) CXX ) 
After rearragement the friction force was obtained as: 
FC = (8W:/(,,2p~'i)O.045 Re;O.2 [ X 1.80+5. 7{~~ [.0523 
(I-X) 0.470X133[ :;]0.261 +8.1 {~: ]0.105 
(1-X)0.940 xo.,:; [-522] 
[2.12] 
The momentum forces were represented as the sum of the momentum change in the vapor 
core, in the liquid condensate layer and in the condensing vapor molecules. The average 
vapor and liquid velocities were defined in terms of the local vapor quality and void 
fraction cx taken from the Zivi (1964) correlation: 
XWt U v=--
PvaA 
(I-X) W t UI=----~ 
PI(1-cx)A 
cx is the void fraction from the Zivi correlation: 
[2.13] 
[2.14] 
[2.15] 
by applying the momentum equation to the above equations the force due to momentum 
change was derived as: 
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Fm= A[2(1-X)](Pv!PI)2/3+~~3+2X ]<Pv!PI)4/3) [2.16] 
Where 
+A[ 2X-1-~X] (Pv!PI) 1/3 +.1 2~-~-~X }Pv!PI)5/3) 
+A[ 1-X-~+~X]2(pv!PI) 
A=4 (W;/(P2Pv])4))~) 
~= PrPv 
Pv 
The force due to gravity was also derived from the void fraction variable: 
[2.17] 
[2.18] 
This correlation is highly dependent on quality. At high to intermediate qualities the 
dominant terms are the friction term Ff and the momentum term Fm. The friction term was 
found to increase slightly at the entrance due to the sudden formation of liquid film at the 
wall. The momentum term was found to increase with decreasing quality due to the liquid 
momentum that is being added from the condensing vapor. At low quality the gravity term 
Fg is the dominant term. Interestingly at high quality or when X =1 the above correlation 
can be simplified to an equation that is in the same form as the Nusselt correlation 
10 
Nu= 0.0054 Pr0.65Reo.9Ilv (PL)l/2 
L v ilL Pv 
[2.19] 
This correlation was compared with experimental data that covered ranges of vapor 
velocities between 20 to 1000 ft/sec, Prandtl numbers between 1 and 10 and qualities 
between 0.99 and 0.03 for horizontal and vertical orientations. They were found to be in 
good agreement. 
Traviss et. al (1973) formulated a similar analysis along the same line as Soliman 
et. al. by using the pressure drop approach and the correlations of Lockhart-Martinelli. By 
assuming a flat plate approximation they used the von Karman momentum-heat transfer 
analogy to express the shear stress and heat flux based on Eddy viscosity and kinematic 
viscosity. After Simplifications the heat transfer coefficient was derived as: 
Pr R 0.9 
1 1 e1 k 1 
h =-0.15----
z F DX 
2 tt 
[ 0.524] 1 +2.85Xtt [2.20] 
Where F2 is a parameter dependent on the Reynold's number defined as : 
F 2=0. 707PrlRe~·5 
50<Re1<1125 
Re1>1125 
F2=5 Pr1+ 5 In[ 1 +Prl(0.09636Re~·585_1) ] [2.21] 
F2=5Pr1+5In(1 +5PrI)+2.5In(0.00313Ref·812 ) 
This equation was compared with experimental data for R12 and R22. For high fluxes the 
equation predicted lower heat transfer coefficients. One explanation given was that this 
analysis was based on a annular flow regime; however, at high fluxes entrainment occurs at 
the inlet of the condenser tube which decreases the liquid layer at the bottom of the tube and 
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consequently increases heat transfer. This flow condition corresponds to an F(xu»2. At 
low quality very good agreement was found. Due to the above restrictions the 
recommended Nusselt number to be used in condenser design is: 
0.15<F(xttkI5 [2.22] 
F(XtV may be obtained by the following equation 
O -1 285 -0.476 F(xtt) = .15 [Xtt +. X tt ] [2.23] 
Xtt is the Lockhart-Martinelli parameter based on pressure drop. 
2.2 Laminar Film Condensation - Horizontal Tubes 
Chato (1962), considered the case of a substantially deep condensate layer at the 
bottom of the tube and low vapor shear. From the momentum and energy equations he 
developed an integral equation based on an effective heat transfer angle <t>. 
[2.24] 
Where 
1/4 3/4 3/4 
Q=1. 886 K [g (p I-P v>] [ k1ro~t ] [ f <I> sin 1/3 <t> d<t>] cos l/4(sin-1cr) 
III P1A(1+.68~) Jo 
[2.25] 
where K=l for Pr ~ 1 and Cp~TA ~ 0.1 and <t> is the heat transfer angle based on the depth 
of the condensate layer at the bottom of the tube. To derive this angle he applied the 
momentum equation to the liquid and vapor portions of the condensate. Three equations 
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were derived which must be solved simultaneously for the average heat transfer coefficient. 
The reader is referred to the paper, Chato, 1962, for further details on these equations. 
From his condensing R113 experiment Chato observed that the condensate angle 
averaged around 120 deg. Based on this fact and the complexity involved in solving the 
above equations, Chato recommended using a mean vapor angle of 120 degrees and 
consequently the mean heat transfer coefficient is in the form of the heat transfer coefficient 
based on the Nusselt number multiplied by 0.77. 
[2.26] 
Very good correlations were found between his experimental heat transfer coefficient and 
the heat transfer coefficient obtained from the integral equation. However this equation is 
limited to a entrance vapor Reynolds number of less than 35,000. 
Jaster and Kosky (1975), observed from a water/steam experiment of condensation 
inside an horizontal tube that the flow was annular at high vapor velocity at the inlet of the 
tube and observed stratified flow at low vapor velocity at the outlet. Their work was based 
on finding a transition Nusselt number which would characterize heat transfer in the region 
between the annular and the stratified flow regions. For the stratified annular flow regime 
their assumption was that the heat transfer in the film was much higher than the heat 
transfer through the condensate at the bottom of the tube. The Nusselt number was derived 
as: 
[2.27] 
P is the "half angle subtended at the center of the tube by the chord formed at the surface of 
the draining fIlm" related to the void fraction, a. as defined by equation 2.15 
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[2.28] 
After simplifications the stratified heat transfer coefficient can be related to the Nusselt heat 
transfer coefficient by : 
3/4 
h=(X hNU [2.29] 
From comparison with experimental data this correlation was within a standard deviation of 
0.37 with the measured Nusselt number. These data covered ranges of exit quality from 
0.05 to 0.6. 
Shah (1978), used 473 data points from 21 separate experimental investigations to 
derive an equation that is general to all refrigerants, tube orientation and all tube diameters 
from 7 to 40 mm. 
{ 08 2.8XO.76(I-X)O.04] hTP=h (I-X) . + pO.38 
r 
[2.30] 
hI is the heat transfer coefficient calculated using the Dittus-Boelter equation and assuming 
that the flow is all liquid 
[2.31] 
14 
The mean standard deviation of this equation from the data sets was around 15%. 
However this correlation gives good results only at vapor velocities lower than 300 m/s. 
At higher vapor velocities or at qualities between 85% to 100% high vapor shear causes 
entrainment to occur and therefore the measurements were not in good agreement with the 
correlation. Also due to unavailability of data where the liquid Reynolds number is 
considered, it is suggested that the above correlation be used for Reynolds number> 7,350 
for circular pipes and ReI >73,000 for annuli. 
2.3 Inclined Tubes 
Chato (1962), extended his work on horizontal tubes to inclined tubes. The derived 
equation is : 
[2.32] 
The reader is directed to Chato's paper for details on the solution of the above equation. 
From experimental observation it was concluded that increasing the inclination of the tube 
resulted in a decrease in condensate depth until it reaches an optimum where the heat 
transfer coefficient began to decrease. Because <I> increases significantly with a slight 
downward slope of the tube, the heat transfer coefficient can be increased of the order of 
10-20% with a relatively small inclination. The optimum inclination angles were around 10 
to 20 degrees. 
The Traviss correlation, Eq. [2.19] and the Shah correlation, Eq. [2.33] with 
horizontal inclinations of up to 15 degrees were also recommended for inclined tubes. 
15 
CHAPTER 3 
EXPERIMENTAL TEST FACILITY 
3.1 Refrigerant Loop" 
The refrigerant loop is shown in Fig. 3.1. It started with liquid refrigerant flowing 
out of the receiver. The receiver selVed as a liquid reselVoir for the system. It was a 6 inch 
(153 mm) wide, 12 inch (306 mm) long, 20 lbs. (9.08 kg) capacity Stainless Steel 
cylinder rated at 180 F (82 C) and 600 psi (4.134 E+3 kPa). The receiver also selVed as a 
liquid accumulator to reduce fluctuations in the system. Once the refrigerant was out of the 
receiver it went through a filter drier that was used to keep pieces of unwanted materials 
from entering the pump. The drier was used to protect the system from moisture and 
humidity. The filter drier was made of a 16 cubic inches (0.262 mm"3) of dessicant core 
which was capable of removing moisture and humidity and trapping foreign particles. 
At the outlet of the filter drier was the gear pump. The pump was made of a 
magnetically driven three-gear variable speed pump head and a 56C Nema, 1/3 
horsepower, 3450 maximum RPM Motor. The pump had a system bypass that was used 
at low flow rates to allow some of the liquid out of the pump to recirculate. This was 
necessary to ensure that the flow going through the pump was always at the liquid state. 
The pump was controlled by a digital AC/DC inverter. Following the pump was a positive 
displacement flowmeter that was used to measure the volume flow rate of the refrigerant. 
The flowmeter also had a bypass. The bypass was used when the flowmeter had to be 
isolated from the system. 
Immediately following the flowmeter was the refrigerant heater. The heater was an 
18 kW evaporator which had the capability to change the refrigerant phase from subcooled 
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liquid to superheated vapor. The refrigerant heater will be discussed in more details in a 
separate section. The refrigerant leaving the refrigerant heater went through a sightglass 
that permitted observation of the flow regime at the inlet of the test condenser. A glass 
• tube of appropriate i.d. was inserted into the standard high pressure sight glass between the 
inlet and outlet tubes to minimize the disturbance caused by the large interval of a piece of 
pyrex glass tube that fit between the adjoining pieces of copper tubing. The pyrex tube was 
covered by a very thick piece of glass and stainless steel. The sightglass was rated at 180 F 
(82 C) and 600 psia (4.13e+3 kPa). The refrigerant then went into the test condenser. 
The test condenser is described in more detail in a later section. The condensate leaving the 
test condenser went through the void fraction measuring device. The void fraction 
measuring device was used to measure the amount of vapor that is contained in the flow 
and will eventually be used to measure the void fraction at the outlet of the test section. A 
sample of condensate is trapped within the section by using quick closing, pneumatic 
valves. Surface heaters are wrapped around the outside surface of the tube to superheat the 
contents. Once the refrigerant is in the superheated phase its specific volume can be 
calculated which is the same for the two-phase state, then the void fraction can be 
determined. Since the void fraction measuring section is near the outlet of the after 
condenser one could assume that the conditions at the outltet of the test condenser are the 
same as the conditions at the void fraction measuring section. Then the flow was directed to 
the after condenser. The after condenser was used to subcool the condensate and to set the 
system temperature and pressure and is explained in more details in a separate section. The 
subcooled liquid then went into the receiver and was recirculated into the system. 
3.2 Water Cooling Loop 
The condenser loop used water cooling for the test condenser and for the after 
condenser. The water came from the university supply line and was directed into a 
reservoir. The reservoir was necessary to allow more control of the inlet water flow rates 
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and temperatures. The water was pumped out of the reservoir into the different sections. 
The inlet flow rates were controlled by control valves. 
3.2.1 Test Condenser Cooling 
The test section was analogous to a counterflow heat exchanger with water as the 
cooling fluid. Water was pumped through a silicone rubber tube that was wrapped around 
the copper pipe. The water then went through a rotameter and pumped back into the city 
drainage. Due to the high pressure drop that was introduced by the wrapped silicone 
rubber tube the cooling system had to be separated into two separate identical heat 
exchangers in order to increase the water flow rates. The #1 test section heat exchanger 
began at the outlet of the test section and ended at the middle of the test section. The #2 test 
section began at the middle of the test section and ended at the inlet of the test section. To 
further control the water flow rates control valves were used at the outlet of the rotameters 
to increase or decrease the line pressures as needed. 
3.2.2 After Condenser Cooling 
The after condenser used was a 5 ton condensing capacity counterflow heat 
exchanger. The refrigerant side consisted of a total of 75 feet (23m) of copper coil that was 
wrapped around the water tube. Half of the coil on the refrigerant side was of 3/4 inch 
(19.05 mm) Ld. and half of the coil was of 1/2 inch. (12.7 mm) i.d .. The water side was 
made of 3/4 inch. (19.05 mm) Ld. copper tube. The after condenser was necessary to 
further subcool the liquid coming out of the test condenser. 
3.2.3 Water Cooling Loop Instrumentation 
To do an energy balance on the water side of the heat exchangers one must know 
the temperature across the water side, the average temperature of the water and the volume 
flow rates. Thermocouples were used to directly measure the water temperature difference 
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between the inlet and outlet of the water. One end of the thermocouple was placed in a 
thermocouple well placed at the outlet of the water loop. The other end was placed into a 
thermocouple well that was placed at the same location at the inlet where the RID Probe 
was inserted into the system. This end was used as a reference junction. Therefore one 
could use the measured bulk water temperature from the RID Probe and the measured L\ T 
from the thermocouple to calculate the outlet and average water temperatures. To measure 
the flow rates calibrated rotameters were used. Two sets of rotameters were used for each 
section: One for the low range (0-1 gpm) and one for high range (1-5 gpm). This 
instrumentation was used for the two sections of the test condenser and for the after 
condenser. 
3.3 Test Condenser Design and Instrumentation 
3.3.1 Test Condenser Design 
The test condenser was designed according to specific ranges of conditions found 
in typical air conditioners and refrigerators for both domestic and industrial purposes. It 
was designed to model sections of typical condensers found in refrigeration systems. The 
length of the test condenser was chosen so that local heat transfer coefficients can be 
measured at different sections and then integrated to give average heat transfer coefficients. 
The length of 9 ft.(2.74 m) and inside diameters of 0.194,0.375, 0.402 in. (4.9, 9.5, 
10.2 mm) were also considered to be sufficient for the possibility of quality changes of 10 
to 80 % across the test section at different flow regimes, i.e .. 
In typical refrigeration systems the type of heat exchanger used is usually similar to 
that of a crossflow heat exchanger. However the purpose of this study was to measure 
heat transfer coefficient on the refrigerant side only. Therefore the design used was that of 
a counterflow heat exchanger with the refrigerant used as the working fluid and water used 
as the cooling fluid. 
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The test condenser was cooled by water flowing through a silicone rubber tube 
wrapped around the test section. Due to the pressure drop created by this setup, two water 
cooling systems had to be designed. The tube on the water side was divided into two thus 
reducing the pressure drop. The maximum flow rate for each section was about two gallons 
per minute. The splitting of the cooling stream also provided three sets of data: one for the 
two halves and for the full length. 
The loop was able to support three test sections at a time. This parallel setup 
facilitated replacing test condensers and resulted in shorter downtime between experiments. 
3.3.2 Test Condenser Instrumentation 
To do thermodynamic calculations across the test condenser one must be able to 
measure the bulk fluid temperature, the temperature difference between the inner surface of 
the tube and the bulk fluid and the pressure at the inlet and outlet of the test section. The 
bulk fluid temperature was measured with an RID probe which was inserted directly into 
the flow at the test section inlet. For condenser performance analysis the temperature 
difference between the bulk fluid and the inner surface of the tube must be measured. This 
temperature difference was measured by fIrst measuring the surface temperature relative to 
an ice bath using thermocouples and then subtracting it from the bulk fluid temperature 
measured with the RID probe. One junction of each thermocouple was placed in a grooved 
section on the surface of the tube. The reference junction was placed in an ice bath. The 
thermocouples were of type T, Copper-Constantan placed at ten different locations of the 
test section. A thermally conductive epoxy is used to provide a good thermal contact 
between the thermocouple wire and the copper tube. Since copper is a highly conductive 
material one could assume that the thermal resistance between the inner and outer surfaces 
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of the tube was minimal. Therefore one could assume that for a thin-walled pipe the 
temperature at the inner and outer surfaces of the pipe are close enough to be considered the 
same. 
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Two sets of four thennocouples were placed at the inlet and outlet of the test 
condenser and 8 sets of two thennocouples were placed one foot apart throughout the test 
section from the inlet to the outlet. The sets of four thennocouples were placed as follows: 
One at the top, one at 60 degrees from the top, one at 60 degrees from the bottom and one 
at the bottom. The sets of two were placed one at the top and one at the bottom. This 
setup would give a good indication of the circumferential temperature distribution at the 
test condenser. 
The thennocouples were wired as follows: The copper end of the thennocouple 
went directly from the test section into the data acquisition system. The constantan end 
went into an ice bath that was used as the reference junction. Out of the ice bath came 
another copper wire that went into the data acquisition system. The data acquisition 
system then measured a voltage difference that was converted into the temperature 
difference between the inner surface of the copper tube and the ice bath. For measurement 
of the cooling water temperatures an RID probe is used at the inlet and the temperature rise 
at the outlet is measured by a thennocouple which was referenced to the inlet. 
The pressure measurements were taken by pressure transducers placed at the inlet 
and outlet of the test condenser. A differential pressure transducer was also placed between 
the inlet and outlet of the test condenser to provide a direct differential pressure 
measurement. 
3.4 The Refrigerant Evaporator/Superheater 
The refrigerant evaporator/superheater section was one of the most important components 
of the condenser test loop. It was designed to provide a maximum heating power of 18 
kW. This amount of energy was the maximum required for a phase change from subcooled 
to superheated. The heater was separated into 2 sections. One section had a 12 KWoutput 
and was called the evaporator. The other section had a 6 KW output and was called the 
superheater although usually no superheating was used. The refrigerant heater was made 
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of a copper serpentine coil, 75 ft. (23m) long 3/4 inch (19mm) i.d. The coil was rated at 
600 psia (4.13 E3 kPa) and 180 F (82 C). 
3.4.1 Refrigerant Evaporator/Superheater Instrumentation 
The heat input to the refrigerant loop was provided by electric strip heaters 
wrapped around the coil. The coil consisted of 15 rows of tubing each of 5.5 ft. (1.7 m) 
long. The heaters were tightly taped on the surface of the tube with stretch tape. Once all 
the heaters were in place the coil was insulated with fiberglass insulation and covered. For 
the evaporator section a total of 18 strip heaters were used to cover 7 rows of coiL Each 
heater had 90.1 ohm resistance and 3 amperes current. For the superheater section a total 
of 49 strip heaters are used on 8 rows of copper coils. Each strip heater had 508 ohms 
resistance and 0.47 amperes current. The voltage input required was 240 volts for the 
evaporator and the superheater sections. Each row of heaters could be controlled 
independently by toggle switches. For example when all switches were turned on at the 
evaporator section the output was 12 KW. The heat input was controlled by SCR 
controllers and measured by wattmeters. The SCR controller for the evaporator section was 
a single phase controller with 75 kohm impedance and 60 amperes current. The SCR 
Controller for the superheater section was a single phase controller of 75 kohm impedance 
and 30 amperes current. The heat input settings to the SCR controllers were made by 
potentiometers with toggle switches for manual or computer control. To maintain steady 
operation just enough heaters were turned on to provide for the heating load. Thus the 
controllers were "on" virtually all the time. 
3.5 Sensors 
The condenser test loop used four different kinds of sensors. These were used to 
measure temperature, differential temperature, gauge pressure, differential pressure, 
volume flow rate and power input to the heater. These measurements allowed one to 
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determine thermodynamic and transport properties of the refrigerant at different locations. 
All sensors were individually calibrated, if possible in situ on the test loop, with the 
readings taken directly from the data acquisition system. 
3.S.1 Temperature Sensors 
Two types of temperature measurements were made. One temperature 
measurement used a resistance temperature device (RTD). The RTD measured the 
resistance caused by a change in temperature and converted it into a temperature signal. In 
the refrigerant loop five RID's were used to measure the bulk fluid temperature. In the 
water cooling loop three RID's were used to measure the inlet water temperature. The 
sensor and the current transmitting wires were housed inside stainless steel probes that 
were about six inches long. The probes were longitudinally inserted into the flow. RID 
probes were inserted at the refrigerant heater inlet and outlet to measure the bulk fluid 
temperature. The measuring accuracy of the RID probes was ± 0.1 F (-17 C). These 
measurements provided the necessary data to establish thermodynamic and transport 
properties of the fluid and to make thermodynamic calculations on the refrigerant heater. 
The same kind of instrumentation was used on the refrigerant after condenser and across 
the test condenser. RID probes were also used on the cooling side of the test condenser 
and at the after condenser to measure inlet water temperatures. 
Another type of temperature sensing device used was the thermocouple. The 
thermocouple measured the difference in voltage produced by a temperature difference 
across two junctions. This voltage was converted into the corresponding temperature 
difference using a calibration curve. In the refrigerant loop thermocouples were used to 
measure the surface temperature of the test condenser tube. In that case an ice bath was 
used as the reference junction, and the temperature of the surface of the pipe relative to the 
ice bath was measured. In the water cooling loop the temperature difference between the 
inlet and outlet cooling water was measured. Then one end was used as a reference. The 
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thermocouples measured with an accuracy of ± .75%. These measurements will be 
discussed in more details in the particular sections where the test section instrumentation 
and water cooling system are described respectively. 
3.5.2 Pressure Sensors 
Pressure transducers manufactured by Setra were used to measure gauge pressure. 
The pressure transducer used a capacitance sensor that measured the capacitance change 
due to a pressure change. This capacitance was converted to a voltage signal that was 
proportional to pressure. All pressure transducers used on this apparatus had 0-5 volts 
output which was converted to 0-1000 psi (0-6,895 kpa). They required 5 volts dc input 
excitation. The pressure transduscers were capable of measuring at an accuracy of ± 1 % @ 
1000psi (6,895 kpa). 
Pressure transducers were placed at the inlet and outlet of the refrigerant heater to 
measure the pressure and to establish the phase change of the fluid. They were also used 
at the inlet and outlet of the test condenser to measure the pressure drop across the test 
condenser. They were used across the after condenser to measure the pressure drop across 
the after condenser. One was used at the void fraction measuring device. 
The differential pressure transducer was used to measure the pressure difference 
across the test section. It had a 0-5 volts output corresponding to 0-15 psid. It required 
15 volts DC excitation. It was manufactured by Sensotec and its accuracy was ± 0.25 %. 
3.5.3 Flow Sensors 
A volume flowmeter was used to measure the refrigerant volume flow rate. It 
consisted of a 210 series positive displacement meter by Max equipped with a 272 Series 
Max 0-10 volts transmitter. It had a 0-10 volts output corresponding to 0-2 gpm with an 
accuracy of± 0.31 %. 
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The water flow rates at the test condenser and at the after condenser were 
monitored with rotameters. Two ranges of rotameters were used: One for a range of low 
flow rates ( 0 to 1 gpm) and one for a range of high flow rates ( 1-5 gpm). The actual flow 
rates were measured with a graduated cylinder and a stopwatch. The measurements were 
taken at roughly ± 0.1 %. 
3.5.4 Power Sensors 
The Ohio Semitronics watt hour transducers were used to measure separately the 
power input to the two sections of the refrigerant heater. They each used a current 
transformer that measured the current of the heater strips. The voltage output was read 
directly from the SCR controllers. The watt-hour transducers output pulses. The pulses 
were converted into power.The watt-hour transduscers measured with an accuracy of ± 
0.25%. 
3.6 Data Acquisition/Computer System 
The data acquisition system consisted of a 21X data logger from Campbell 
Scientific, a Macintosh PLUS computer and a True Basic Communication Software. The 
data logger was connected to two multiplexers which expanded its data taking capability 
from 10 to 72 channels at 32 channels per multiplexer. The sensors were read in the form 
of voltage or pulses, the signals were converted into the corresponding units and the data 
was sent to the computer system. A total of 46 sensors were measured. 
A datalogger code was used to read all the channels from both multiplexers and the 
dataloggers. The datalogger had the capability to read and output data every second. 
However due to the number of measurements necessary for this experiment the minimum 
sampling rate of the datalogger was 10 seconds and the output interval was 1 minute. 
Therefore every the datalogger read a set of data every 10 seconds and stored it into its 
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buffer. At the end of a minute the 6 sets of data taken were averaged and sent to the 
computer. 
The communication subroutines were used to permit communications between the 
data logger and the computer. A code written in True Basic was used to call the 
communication subroutines from a communication Library, "COMLIB". The code was 
written by the investigators. The communication subroutines were part of the software. 
The code called several subroutines to open the specific computer port where the 
connection between the computer and the datalogger was made, to receive the string of data 
and to close the port. Once the string of data was received the code went into a formatting 
subroutine which identified each piece of the string into its corresponding sensor and 
component. The data was then displayed on a schematic drawn on the computer screen. 
The data could be saved by clicking on a box on the computer screen within 15 seconds 
after the data had been displayed. The code ran in a continuous loop. Once the data had 
been saved and/or displayed the code activated the communication subroutines again and 
the computer was prepared to receive another set of data. 
Other features of the code included conversion subroutines which converted all the 
data into SI units. Calculation subroutines which calculated the mass flux and the 
refrigerant quality at the inlet of the test condenser and the data saving subroutine which 
saved the data into an Excel file. The Excel file was read directly into a data reduction code 
that was used to analyze and reduce the data as described in the section on data reduction. 
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Figure 3.5 Picture of Water Cooling System 
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CHAPTER 4 
EXPERIMENTAL AND PRELIMINARY TEST DESIGN AND 
SPECIFICATIONS 
4.1 Experimental Test Specifications 
The experiments were designed to study accurately heat transfer characteristics of 
condensing HFC-134a in horizontal tubes. A complete design of the experiments for this 
study include the following test parameters: Oil concentration, tube diameters, tube types; 
(i.e. enhanced tubes, tubes with tape inserts etc.) refrigerant types and tube inclination. 
4.1.1 Oil Concentration 
The amount of oil in a refrigeration system can affect greatly the condensation heat 
transfer coefficient. The presence of oil in the condenser has been found to decrease the 
heat transfer coefficient and therefore degrade the performance of the condenser for CFC-
12. The design of experiments for this project includes a set of experiments with an oil free 
system and a separate set of experiments with controlled oil concentrations of 0 to 10%. 
The goal is to determine the effect of oil concentration on the condens_ation heat transfer 
coefficient for HFC-134a systems and to compare HFC-134a systems with CFC-12 
systems on the basis of oil concentration. 
4.1.2 Tube Dimensions and Geometries 
A broad range of tube inside diameters and geometries are used in refrigeration 
systems. Automobile air conditioners tend to use larger tube inside diameters whereas 
household refrigerators tend to use smaller tubes. The inside diameters are dictated by the 
required size of the heat exchanger. Tube geometries however, whether rectangular or 
cylindrical, tend to extend to all refrigeration system applications. Where it is applicable the 
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rectangular shaped tube is preferred because it increases the heat transfer coefficient. 
Looking at the effect of tube inside diameters and geometries would assist in the sizing of 
heat exchangers for HFC134a systems. Tube inside diameters of .194, .375 and 0.402 in. 
(4.9, 9.5,10.2 mm, respectively) were chosen to be tested as they are the typical tube 
inside diameters used in the air conditioning and refrigeration industries. The larger 
diameters are for air conditioning and the smaller diameters are for refrigerators. All tubes 
are 9 ft. (2.74 m) long. 
4.1.3. Tube Types 
Enhanced tubes are favored in refrigeration systems because they increase the heat 
transfer coefficient. Finned tubes increase the heat transfer area and therefore increase the 
heat transfer coefficient. Tapes inserted inside horizontal tubes have been found to increase 
the heat transfer coefficient because of the swirling that the refrigerant flow experiences. 
Therefore enhanced finned tubes and tape inserted tubes will be used to study their effect 
on the condensation of HFC-134a in horizontal tubes. 
4.1.4. Refrigerant Types 
Although the primary refrigerant to be tested is HFC-134a, CFC-12 and HCFC-22 
will be tested at different conditions to verify the accuracy of the apparatus and to do further 
testing comparison with HFC-134a. CFC-12 is the primary refrigerant used today in 
household refrigerators and automobile air conditioners, but HCFC-22 is also used. Since 
HFC-134a is being considered as a suitable replacement for CFC-12 comparative studies 
need to be made to help in the design ofHFC-134a refrigeration systems. 
4.1.5. Tube Orientation 
Slight downward inclinations of the tube have been found to increase the 
condensation heat transfer coefficient at low flow rates. Therefore experiments ran with the 
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apparatus inclined at angles of up to 15 degrees to the horizontal will be tested to measure 
and study any effect on the heat transfer coefficient. 
4.2 Preliminary Test Designs 
The preliminary testing was designed to evaluate the apparatus as a measuring 
system capable of detennining heat transfer characteristics of refrigerants. The three 
variable parameters for the test were: Condensing temperature, mass flux and test section 
average qUality. The mass flux was varied by a variable speed controller connected to the 
refrigerant pump. The condensing temperature was controlled by the water flow rate in the 
after condenser. By reducing the water flow rate in the after condenser one was able to 
increase the pressure and temperature at the inlet of the test section and vice versa. The test 
section average quality was controlled by the amount of heat input to the heater sections. 
The above parameters were chosen to verify the dependence of the test section heat transfer 
coefficient on the condensing temperature, the refrigerant mass flux and the average vapor 
quality during condensation. The experimental test section used was a 9 ft. long ( 2.74 m), 
0.402 in. (0.122 m) Ld. smooth, cylindrical, horizontal tube. The refrigerants used were 
CFC12 and HFC134a. 
4.2.1 Preliminary Test Design 
The preliminary tests were performed at three different parameter ranges. A low 
range which encompassed household refrigerator a medium range and a high range which 
encompassed automobile air conditioners. The following data are based on typical 
conditions found in the condensers of household refrigerators and automobile air 
conditioners. 
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Condensing Temperature 
Mass Flux 
Inlet Quality: 
40-70 [C] 
300-540 [kg/m"2 s] 
0.3-0.9 
104-158 [F] 
220-400E+3 [lbm/ft"2 hr] 
The preliminary test plan was designed around these parameters for CFC-12 and HFC-
134a. For each of three condensing temperatures, three tests were perfonned with varying 
mass fluxes and average quality held constant. Similarly three tests were perfonned with 
varying average qualities and mass flux held constant. 
Preliminary Test Plan 
I. Heat transfer coefficient as a function of test section average vapor 
quality at low condensing temperatures. 
Condensing temperature @ 500C (122 F), mass flux fixed @ 500 kg/m2s 
(367 E+3Ibm/ft"2 hr). 
Average test section vapor qualities of 0.2,0.4,0.6 
II. Heat transfer coefficient as a function of mass flux at low condensing 
temperatures. 
Condensing temperature @ 50°c (122 F), average test section vapor quality 
@ 0.4. 
Mass fluxes at 300,400,500 kg/m2-s (220,295,367 E+3 Ibm/ft"2 hr) 
III. Heat transfer coefficient as a function of average test section quality at 
medium condensing temperature. 
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Condensingtemperature@ 6()oc (140 F), mass flux fixed @ 500 kg/m2s. 
(367 E+ 3 Ibrn/ftA2 hr). 
Average test section qualities of 0.2,0.4,0.6 
IV. Heat transfer coefficient as a function of mass flux at medium 
condensing temperature. 
Condensing temperature @ 60°C (140 F), average test section vapor quality 
@ 0.4. 
Mass fluxes at 300, 400, 500 kg/m2-s (220, 295, 367 E+ 3 lbm/ftA2 hr) 
V. Heat transfer coefficient as a function of average test section quality at 
high range condensing temperature. 
Condensing temperature @ 700C (158 F) , mass flux fixed @ 500 kg/m2s 
(367 E+3 Ibrn/ftA2 hr). 
Average test section qualities of 0.4, 0.6, 0.8 
VI. Heat transfer coefficient as a function of mass flux at high 
condensing temperature. 
Condensing temperature @ 70°C (158 F), average test section vapor quality 
@0.6 
Mass fluxes at 300, 400, 500 kg/m2s (220, 295, 367 E+ 3 lbm/ftA2 hr) 
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CHAPTER 5 
DATA ANALYSIS, REDUCTION AND CALCULATION METHODS 
This chapter will cover the data reduction and analysis techniques used to calculate 
the refrigerant heat transfer coefficient and the system energy balance. The refrigerant heat 
transfer coefficient was calculated and then compared with three correlations for average 
refrigerant heat transfer coefficient, namely the correlations by Shaw, (1979), Traviss, 
(1972) and Cavallini & Zecchin (1971). The system energy balance was performed by 
comparing the heat input to the system by the refrigerant heater with the heat output to the 
water cooling system during two-phase operation. All calculations were made with a 
computer program which contained all property subroutines for HFC-134a and CFC-12. 
Properties for CFC-12 were calculated with equations of state. Properties for HFC-134a 
were calculated with accurate curve fits. 
5.1 Energy Balance Analysis 
5.1.1 System Energy Balance Analysis 
The system energy balance analysis was performed by comparing the total heat 
input to the system by the refrigerant evaporator and superheater with the heat output to the 
water cooling system in the test condenser and the after condenser. The work due to the 
pump and the heat exchange with the environment were considered to be minimal. The 
analysis was performed as follows: 
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Where: 
Q(in.evap.) = Heat input to the system by the evaporator heater 
Q(in.sup.) = Heat input to the system by the superheater 
Q(out.tsl) = Heat output from the system in test section 1 
Q(out.ts2) = Heat output from the system in test section 2 
Q(out.aft) = Heat output from the system in the after condenser 
The heat input for each of the heater sections was measured by watt-hour transduscers. 
The heat output for each of the water sections and the after condenser was calculated as: 
[5.2] 
Where: 
Mw=VwPw 
dTw = T(out,wt T(in,w) 
v w , the water volume flow rate was measured with a rotameter and with direct volumetric 
measurements; Pw, the water density was calculated based on the water average 
temperature. The inlet water temperature was measured with an RID probe and the 
temperature difference between the inlet and outlet water temperatures was measured 
directly with a thermocouple. 
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S.2 Refrigerant Side Convective Heat Transfer Coefficient Calculations 
To determine the heat transfer coefficient, the following equation, based on the test 
section heat flux and ~T, was used: 
Where: 
Qts= Q(out,tsl)+ Q(out,ts2) (As calculated in equation 5.2) 
A=1tDjL 
Di= Inside diameter of the test condenser 
L= length of the test condenser 
[5.3] 
~Tts = the temperature difference between the bulk fluid and the 
inner surface of the pipe. 
As explained in chapter 4, thermocouples were used to measure the outer surface 
temperature of the pipe and the test condenser inlet bulk fluid temperature. The inner surface 
temperatures of the pipe were measured at 10 different sections along the test section, 
averaged and subtracted from the inlet temperature. Since the bulk fluid temperature was 
measured at the inlet of the test condenser the local bulk fluid temperature at every section 
was different due to the temperature drop caused by the pressure drop along the test 
condenser. Therefore the temperature change along the test condenser had to be accounted 
for by calculating the pressure drop at every section. The temperature difference of the bulk 
fluid along the test condenser was calculated as follows: 
[5.4] 
Where 
41 
T sat in= Test condenser inlet saturation temperature measured with 
a thermocouple. 
T sat out= Test condenser outlet saturation temperature based on the 
outlet saturation pressure, P sat out· 
The test condenser outlet saturation pressure was calculated as: 
Where 
Psat out = Psat in - ~P [5.5] 
~= Differential pressure across the test condenser measured by a 
differential pressure transduscer. 
P sat in= Test condenser inlet saturation pressure based on the inlet 
saturation temperature. 
The local bulk fluid temperature was obtained by first linearly interpolating along the test 
condenser to find ~ T fluid as calculated above, and then subtracting L1 T fluid from the 
measured inlet bulk fluid temperature. Finally L1Tts was calculated by: 
Where: 
T bulk=Local bulk fluid temperature 
Tsurface= Local surface temperature 
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[5.6] 
The experimental heat transfer coefficient was compared to predicted average heat 
transfer coefficient obtained from the Shah, Traviss and Martinelli-Lockhart correlations. 
These correlations are based on the condensing temperature, average quality and mass flux. 
The condensing temperature was measured at the inlet of the test section. The calculations 
to obtain the average vapor quality is described in the next section. 
5.3 Test Condenser Vapor Quality Calculations 
In the previous section the heat transfer coefficient was calculated based on the 
experimental data obtained for the test condenser. To compare the experimentally obtained 
heat transfer coefficient with that of other correlations the average vapor quality at the test 
condenser is necessary. This chapter will describe how the inlet and average test 
condenser vapor qualities were calculated. The test condenser inlet vapor quality was 
calculated based on an energy balance across the refrigerant heater. Since the refrigerant 
entering the refrigerant heater is single phase liquid one can measure the inlet properties 
and calculate the outlet vapor quality. Furthermore, since the outlet of the refrigerant heater 
is at the test condenser inlet one can assume that the conditions are the same. 
The average vapor quality was calculated by first calculating the inlet vapor quality 
and then the vapor quality change across the test condenser. 
[5.7] 
Where: 
Xin = Test condenser inlet vapor quality 
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Xout = Test condenser outlet vapor quality 
The test condenser inlet vapor qUality was calculatedbased on an energy balance across the 
heater as: 
[5.8] 
or 
Where 
Qm= Heat input by the refrigerant heaters 
Vhtr, the refrigerant volume flow rate was measured with a flowmeter; Phtr. the refrigerant 
density was calculated based on the refrigerant temperature at the inlet of the heater. 
~hhtr, represents the change in enthalpy across the heater. It can be expressed as : 
[5.9] 
Where: 
hhtr in= hCf,in)+VCf,in) (P-PCsat,in») 
hCf,in) is the saturated liquid enthalpy, vCf,in) is the saturated liquid specific volume and 
P Csat,in) is the saturated liquid pressure of the refrigerant based on saturation temperature. P 
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is the pressure measured at the heater inlet with a pressure transduscer. hhtr out is the 
enthalpy of the two-phase flow mixture at the outlet of the heater. It can also be expressed 
as: 
Where : 
hhtr out = h(htr out, 1) + X Ahtr out [5.10] 
X= Refrigerant vapor quality at the outlet of the heater which is also 
the inlet of the test condenser 
h(htr out,1)= Enthalpy of the refrigerant liquid based on the saturation 
temperature measured by the thermocouple at the inlet of 
the test condenser 
Ahtr out = Refrigerant heat of vaporization based on the saturation 
temperature measured by the thermocouple at the inlet of 
the test condenser 
To calculate the test condenser outlet vapor quality the same type of energy balance 
performed on the refrigerant heater was performed on the test section. By using the inlet 
conditions calculated above and the heat uptake by the water cooling at the test condenser 
the outlet vapor quality was calculated as: 
or 
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Where 
~h = Qts 
ts mts 
V ts' the refrigerant volume flow rate was measured with a flowmeter; Pts' the refrigerant 
density was calculated based on the refrigerant saturation temperature at the inlet of the test 
condenser; QCout,tsl)' and QCout,ts2) are heat output at the test condenser. They are 
calculated as in equation 5.2. 
~hts' represents the change in enthalpy across the test condenser. It can be 
expressed as : 
or 
Where: 
hts in= hhtr out (calculated in equation 5.10) 
hts out is the enthalpy of the two-phase flow mixture at the outlet of the test 
condenser. It can also be expressed as: 
h ts out = hCts out,l) + X Ats out 
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Where : 
X= Refrigerant vapor quality at the outlet of the test condenser 
h(ts out,I) = Enthalpy of the refrigerant liquid based on the saturation 
temperature measured at the outlet of the test condenser 
as calculated in equation 5.4 
A.tg out= Refrigerant heat of vaporization based on the saturation 
temperature measured by the thermocouple at the inlet 
of the test condenser 
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CHAPTER 6 
PRELIMINARY TESTING RESULTS 
This chapter presents the baseline testing data for CFC-12 and the preliminary data 
for HFC-134a. A total of 90 data points were collected. The data presented represents tests 
made at three different temperatures, 122, 140 and 158 F (50, 60, 70 C). For every 
temperature and at a fixed average vapor quality of 0.5, experiments were made at three 
mass fluxes between 320,000 and 370,000 lbm/hr ft"2 (300-500 kg/m"2 s). Similarly for 
every temperature and at a fixed mass flux of 370,000 lbm/hr ft"2 (500 kg/m"2 s) 
experiments at three average vapor quality of 0.2, 0.4, 0.6 were performed. 
6.1 Results of Two·Phase Heat Transfer Coeficients for CFC·12 
Figures 6.1 through 6.10 and table 6.1 present the experimentally obtained data for 
CFC-12 at different temperatures, mass fluxes and average vapor qualitites. Figures 6.1, 
6.3 and 6.5 show that for all fixed condensing temperatures and average vapor qualitites 
the the heat transfer coefficient increases with increasing mass fluxes due to the increasing 
vapor Reynolds number. Similarly figures 6.2, 6.4, 6.6 show that for all fixed condensing 
temperatures and mass fluxes the the heat transfer coefficient increases with increasing 
average vapor qualities. As shown in figure 6.22 at given mass fluxes and average vapor 
qualities the heat transfer coefficient decreases with increasing condensing temperature. 
6.2 Comparison of Experimental Heat Transfer Coefficient with 
Correlations for CFC·12 
Compared with the correlations of Shah, Traviss at. al. and Cavallini-Zecchin the 
experimentally obtained heat trasnfer coefficients were within ± 20% of the Shah 
correlations, ± 27% of the Traviss et. al. correlations and ± 25% of the Cavallini-Zecchin 
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correlations. Similar trends were observed when the data was compared with each 
correlation separately at mass fluxes of 220,000 and 370,000 Ibm/hr-ft"2 (300-500 
kg/m"2 s) at average vapor qualities of 0.2 and 0.6 and at condensing temperatures of 122 
and 158 F (50, 70 C). At all temperatures for high mass fluxes the experimental data 
compared to all the correlations within 1 %, whereas at low mass fluxes the comparisons 
were between ± 15 to 30%. At high average vapor qualities and at all condensing 
temperatures the data compared to less than ±1 with all the correlations. However for 
lower mass fluxes the data compared to within 1 % with all the correlations at T= 122 F (50 
C) and between ±12 to 20% at 158 F (70 C). 
6.3 Results of Two·Phase Heat Transfer Coefficients for HFC·134a 
Figures 6.11 to 6.21 and table 6.2 present the experimental data for HFC-12 at 
varying tempertures, mass fluxes and average vapor qualities. Figures 6.11, 6.13 and 
6.15 show trends similar to the CFC-12. For all fixed condensing temperatures and 
average vapor qualitites the the heat transfer coefficient increases with increasing mass 
fluxes due to the increasing vapor Reynolds number. Similarly figures 6.12, 6.14, 6.16 
show that for all fixed condensing temperatures and mass fluxes the heat transfer 
coefficient increases with increasing average vapor qualities. As shown in figure 6.22 at 
given mass fluxes and average vapor qualities the heat transfer coefficient decreases with 
increasing condensing temperature. 
6.4 Comparison of Experimental Heat Transfer Coefficients with The 
Correlations for HFC·134a 
The experimentally obtained data was also compared with the predicted data from 
the Shah, Traviss and Cavallini-Zecchin correlations. The data agreed to within ± 20% 
with the Shah correlation, ±25% with the Traviss correlation and to within ±17% with the 
Cavallini-Zecchin correlations. As for the CFC-12 data a comparative analysis was made 
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for temperatures of 122 and 158 F (50, 70 C), mass fluxes of 220,000 and 370,000 lbm/hr 
ft"2 (300-500 kg/m"2 s) and average vapor qualities of 0.2 and 0.6. All the correlations 
predicted better at 122 F (50 C) than at 158 F (70 C). The Traviss and Cavallini-Zecchin 
correlations predicted better at higher vapor qualities and lower mass fluxes at all 
temperatures. For the Shah Correlation no similar trend was noticed. However, overall 
the Shah correlation predicted better at both temperatures, mass fluxes and vapor qualitites, 
± 1-10%. 
6.5 Comparison of HFC·134a Heat Transfer Coefficient with CFC-12 
Heat Transfer Coefficients. 
Figures 7-22 and 7-23 present comparative plots for the heat transfer coefficient of 
HFC-134a and CFC-12 versus mass fluxes at three temperatures. Due to its higher liquid 
thermal conductivity the heat transfer coefficients for HFC-134a were higher than those for 
CFC-12 at all temperatures by as much as 22 %. 
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Table 6.1 Summary of Experimental Data - CFC-12 
Inlet Average 
Section Mass Flux Temp. Quality Average Heat DP h 
l1T Output 
Kg/mJ\2s C C kW kPa W/mJ\2K 
1 502 48.7 0.256 1.42 0.125 2.63 2893 
2 502 48.8 0.308 1.42 0.127 2.63 2947 
total 502 48.8 0.419 1.42 0.252 5.27 2919 
1 519 50.2 0.450 1.37 0.148 5.36 3565 
2 519 50.4 0.508 1.27 0.139 5.36 3601 
total 519 50.4 0.478 1.32 0.286 10.71 3582 
1 516 50.5 0.663 0.75 0.075 6.64 3266 
2 516 50.7 0.693 0.48 0.075 6.64 5116 
total 516 50.7 0.677 0.62 0.149 13.28 3985 
1 519 50.2 0.450 1.37 0.148 5.36 3565 
2 519 50.4 0.508 1.27 0.139 5.36 3601 
total 519 50.4 0.478 1.32 0.286 10.71 3582 
1 398 48.3 0.436 1.32 0.135 3.19 3372 
2 398 48.4 0.506 1.35 0.134 3.19 3280 
total 398 48.4 0.471 1.33 0.269 6.38 3327 
1 339 . 49.8 0.382 1.51 0.126 1.02 2740 
2 339 49.9 0.467 1.46 0.148 1.02 3345 
total 339 49.9 0.428 1.48 0.273 1.03 3037 
1 519 58.9 0.216 1.96 0.134 1.76 2247 
2 519 59.0 0.276 1.89 0.145 1.76 2543 
total 519 59.0 0.247 1.92 0.279 3.51 2391 
1 510 60.4 0.384 2.81 0.259 3.28 3042 
2 510 60.5 0.484 2.20 0.191 3.28 2875 
total 510 60.5 0.427 2.50 0.451 6.57 2970 
1 505 60.6 0.599 2.45 0.269 4.95 3612 
2 505 60.8 0.704 1.77 0.205 4.95 3817 
total 505 60.8 0.645 2.11 0.473 9.89 3698 
1 510 60.4 0.384 2.81 0.259 3.28 3042 
2 510 60.5 0.484 2.20 0.191 3.28 2875 
total 510 60.5 0.427 2.50 0.451 6.57 2970 
1 420 60.0 0.383 2.20 0.174 2.03 2599 
2 420 60.0 0.477 1.87 0.176 2.03 3110 
3 420 60.0 0.431 2.04 0.350 4.07 2835 
1 318 58.5 0.389 1.74 0.138 1.35 2610 
2 318 58.5 0.484 1.63 0.134 1.35 2711 
total 318 58.5 0.436 1.68 0.271 2.69 2659 
1 512 69.1 0.427 1.82 0.134 2.60 2419 
2 512 69.2 0.501 1.72 0.181 2.60 3454 
total 512 69.2 0.469 1.82 0.314 5.21 2844 
1 512 70.0 0.565 2.15 0.200 3.51 3058 
2 512 70.1 0.664 1.94 0.212 3.51 3614 
total 512 70.1 0.616 2.04 0.412 7.03 3321 
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Table 6.1 continued 
Inlet Average Average 
Section Mass Flux Temp. Quality .1T Heat DP h 
Output 
Kg/mA2s C C kW kPa' W/mA2K 
1 499 69.8 0.756 1.88 0.181 4.52 3180 
2 499 70.0 0.854 1.74 0.220 4.52 4167 
total 499 70.0 0.810 1.81 0.401 9.03 3654 
1 512 70.0 0.565 2.15 0.200 3.51 3058 
2 512 70.1 0.664 1.94 0.212 3.51 3614 
total 512 70.1 0.616 2.04 0.412 7.03 3321 
1 410 68.9 0.564 3.03 0.238 2.26 2586 
2 410 68.9 0.707 2.81 0.244 2.26 2865 
total 410 68.9 0.636 2.92 0.482 4.51 2721 
1 359 69.5 0.530 3.04 0.214 1.62 2324 
2 359 69.5 0.678 2.77 0.220 1.62 2623 
total 359 69.5 0.605 2.91 0.435 3.23 2467 
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Table 6.2 Summary fo Experimental and Predicted Heat Transfer Coefficients 
forCFC-12 
Inlet Average h h h h 
Mass Flux Temperature Quality Experimental Traviss Shah Cavallini-
Zecchin 
Kglm"2s C W/m"2K W/m"2K W/m"2K W/m"2K 
502 • 48.8 0.419 2919 3863 3416 3655 
519 50.4 0.478 3582 3107 2764 2969 
516 50.7 0.677 3985 2681 2382 2560 
519 50.4 0.478 3582 3011 2580 2853 
398 48.4 0.471 3327 3863 3416 3655 
339 49.9 0.428 3037 4302 4023 4318 
519 59.0 0.247 2391 2891 2520 2738 
510 60.5 0.427 2970 3394 2997 3176 
505 60.8 0.645 3698 3868 3615 3795 
510 60.5 0.427 2970 3394 2997 3176 
420 60.0 0.431 2835 2891 2579 2728 
318 58.5 0.436 2659 2314 2088 2211 
512 69.2 0.469 2844 3341 3028 3116 
512 70.1 0.616 3321 3616 3409 3468 
499 70.0 0.810 3654 3708 3754 3883 
512 70.1 0.616 3321 3616 3409 3468 
410 68.9 0.636 2721 3034 2891 2968 
359 69.5 0.605 2467 2684 2548 2609 
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Table 6.3 Summary of Experimental Data - HFC-134a 
Inlet Average 
Mass Flux Temp. Quality Average Heat DP h 
L1T Output 
Kg/mJ\2s C C kW kPa W/mJ\2K 
510 49.9 0.278 1.45 0.154 2.54 3509 
510 50.0 0.326 1.50 0.140 2.54 3079 
510 50.0 0.301 1.47 0.294 5.81 3290 
528 50.5 0.454 1.25 0.197 5.62 5211 
528 50.7 0.509 1.40 0.152 5.62 3592 
528 50.7 0.477 1.32 0.350 11.24 4357 
481 49.1 0.686 0.92 0.147 7.85 5246 
481 49.4 0.738 1.15 0.154 7.85 4419 
481 49.4 0.712 1.03 0.300 15.69 4789 
528 50.5 0.454 1.25 0.197 5.62 5211 
528 50.7 0.509 1.40 0.152 5.62 3592 
528 50.7 0.477 1.32 0.350 11.24 4357 
388 50.4 0.457 1.27 0.131 2.72 3388 
388 50.6 0.513 1.31 0.128 2.72 -3224 
388 50.6 0.484 1.29 0.258 5.44 3305 
356 51.1 0.429 1.48 0.138 2.02 3059 
356 51.2 0.494 1.46 0.139 2.02 3138 
356 51.2 0.461 1.47 0.276 4.03 3100 
498 60.3 0.224 2.56 0.178 1.93 2292 
498 60.4 0.295 2.34 0.207 1.93 2919 
498 60.4 0.261 2.45 0.385 3.87 2591 
499 60.3 0.406 2.49 0.232 3.61 3078 
499 60.4 0.494 2.08 0.244 3.61 3868 
499 60.4 0.450 2.28 0.476 7.22 3437 
484 60.7 0.665 2.07 0.214 5.50 3413 
484 60.8 0.749 1.53 0.230 5.50 4961 
484 60.8 0.708 1.80 0.444 10.10 4072 
499 60.3 0.406 2.49 0.232 3.61 3078 
499 60.4 0.494 2.08 0.244 3.61 3868 
499 60.4 0.450 2.28 0.476 7.22 3437 
411 58.9 0.390 2.22 0.200 2.36 2963 
411 59.0 0.480 1.83 0.211 2.36 3790 
411 59.0 0.434 2.03 0.410 4.72 3335 
316 58.4 0.353 2.31 0.175 1.27 2489 
316 58.4 0.456 1.96 0.183 1.27 3070 
316 58.4 0.404 2.14 0.358 2.53 2756 
511 68.8 0.390 2.62 0.215 2.50 2703 
511 68.8 0.482 2.01 0.245 2.50 4026 
511 68.8 0.438 2.31 0.460 5.00 3278 
510 68.6 0.645 2.43 0.240 3.73 3250 
510 68.7 0.740 1.70 0.240 3.73 4663 
510 68.7 0.692 2.07 0.480 7.46 3832 
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Table 6.3 continued 
Inlet Average 
Mass Flux Temp. Quality Average Heat DP h 
aT Output 
Kg/mA2s C C kW kPa W/mA2K 
534 69.3 0.734 2.57 0.281 21..15 3606 
534 69.3 0.840 1.76 0.270 4.15 5068 
534 69.3 0.786 2.17 0.552 8.30 4198 
510 68.6 0.645 2.43 0.240 3.73 3250 
510 68.7 0.740 1.70 0.240 3.73 4663 
510 68.7 0.692 2.07 0.480 7.46 3832 
441 70.0 0.517 3.12 0.244 2.23 2579 
441 70.0 0.637 2.35 0.267 2.23 3755 
441 70.0 0.579 2.73 0.511 4.46 3084 
343 69.1 0.462 3.22 0.239 1.28 2448 
343 69.1 0.604 2.53 0.237 1.28 3082 
343 69.1 0.533 2.87 0.475 2.55 2726 
66 
Table 6.4 Summary of Experimental and Predicted Heat Transfer Coefficients 
for HFC-134a 
Inlet Average h h h h 
Mass Flux Temperature Quality Experimental Traviss Shah Cavallini-
Zecchin 
Kg/ml\2s C W/m1\2K W/m1\2K W/mI\2K W/mI\2K 
528 50.7 0.477 4357 5051 4349 4649 
388 50.6 0.484 3305 3918 3434 3670 
356 51.2 0.461 3100 3558 3112 3329 
510 50.0 0.301 3290 4051 3393 3730 
528 50.7 0.477 4357 5051 4349 4649 
481 49.4 0.712 4789 5370 4955 5370 
499 60.4 0.450 3437 4373 3821 4016 
411 59.0 0.434 3335 3704 3249 3429 
316 58.4 0.404 2756 2910 2484 2724 
498 60.4 0.261 2591 3464 2961 3276 
499 60.4 0.450 3437 4373 3821 4016 
484 60.8 0.708 4072 4880 4602 4813 
510 68.7 0.692 3832 4717 4527 4571 
441 70.0 0.579 3084 3946 3686 3712 
343 69.1 0.533 2726 3149 2921 2965 
511 68.8 0.438 3278 4138 3697 3795 
510 68.7 0.692 3832 4717 4527 4571 
534 69.3 0.786 4198 4936 4917 5008 
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CHAPTER 7 
CONCLUSION/RECOMMENDATIONS 
The purpose of this work was to present an account on the design, building, 
implementation and baseline testing of the single tube condenser test facility. The 
equipment is operating and some of the baseline tests with CFC-12 and preliminary tests 
with HFC-134a have been completed. The experimentally obtained heat transfer 
coefficients were compared with predicted heat transfer coefficients from established 
correlations, namely those of Traviss et. al., Shah and Cavallini Zecchin. For CFC-12 the 
experimental data were within ± 20% of the Shah correlation, ±27% of the Traviss 
Correlation and ±25% of the Cavallini-Zecchin correlation. As expected for HFC-134a the 
heat transfer coefficient was higher to that of CFC-12 by as much as 22% due to its higher 
liquid thermal conductivity. 
The consistency of the data and the agreement of the experimental result with 
known correlations seem to indicate that the equipment is operable and is able to accurately 
measure condensing heat transfer coefficient of refrigerants in horizontal tubes. However 
the following recommendations should be considered in order to achieve higher accuracy in 
the measurements and more efficient experiments. 
1. An accumulator bladder should be placed in the system to control the system 
pressure. The present method by which the pressure is controlled is with the 
amount of cooling in the after condenser. Although it is effective in most cases one 
is limited in cases such as single phase tests where high system pressure and high 
amount of cooling at the after condenser are required. 
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2. The use of a more sophisticated data acquisition and computer system should also 
be seriously considered. The present method by which this data was taken 
introduced considerable limitations in data sampling and system controL Due to the 
large number of measurements to be made, the datalogger could only sample data 
every 10 seconds and averaged every minute. Therefore the data represented an 
average of only six points. A data acquisition and computer system which has 
faster and independent data sampling and averaging capabilities would provide 
more system control and more accurate measurements. 
3. A new design of the test condenser should be seriously considered. The silicone 
tubing wrapped around the copper tube did not seem to work effectively due to the 
high thermal resistance of the silicone tube and between the silicone tube and the 
copper tube. Therefore the test section .1T's were relatively small which introduced 
a larger margin of inaccuracy in the temperature measurements. A copper to copper 
annulus test section would give better thermal contact between the water and the 
inner copper tube, and therefore higher .1T's and better accuracies. 
4. A water chiller should be used in the water cooling loop so that one can have a 
better control of the inlet water temperature and heat flux at the test condenser. 
5. A thorough calibration of all measuring devices in the system should be performed 
periodically to insure that the calibrations haven't changed. 
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APPENDIX A 
CONDENSER TEST FACILITY OPERATING PROCEDURES 
The folowing contains the test facility start up & operating procedures for the 
refrigerant loop, the water cooling system and the data acquisition/computer system. 
Before starting up the system one should have read and understood the operating 
procedures of the refrigerant loop and should have run the water system and the computer 
system separately. Safety glasses should be worn at all times during operation of the 
refrigerant loop. 
Refrigerant Loop Startup 
1. Check the liquid level in the system at the level indicator. The level 
indicator is a good way of taking inventory of the refrigerant in the system. 
2. Check that the valves around the refrigerant flowmeter are closed and that 
he flowmeter bypass valve is open. 
3. Check that the valve in the refrigerant pump bypass is closed. 
4. Check that all valves to the receiver are open and that the receiver bypass 
valve is closed. 
5. Check that all normally open valves to the void fraction device are open and 
that the normally closed valves are closed. 
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6. Check that all nonnally open valves in the system are open and that all 
nonnally closed valves are closed. 
7. Check ice water mixture level in the ice bath. Make sure that it is full of ice 
and the thennocouples are well inside the ice bath. 
8. Turn on the data acquisition /computer system ( See separate section below) 
9. Record one set of data with the system in the non-operating condition. A 
minimum of five data sets should be taken. 
10. Make sure that all valves and pumps of the cooling system are operational 
and that the cooling system is ready to operate. 
11. Tum on the circuit box which provides electricty to the refrigerant pump 
and the pump controller. Make sure that the reset switch to the refrigerant 
pump and the pump controller is in the "on" position 
12. Set the pump controller to a medium setting (A setting of 15 on the 
controller is desirable). 
13. After double checking that the flowmeter bypass is open and that all valves 
to the flowmeter are closed start the refrigerant pump by pressing "Run" on 
the pump controller. 
14. Check the sightglass at the outlet of the flowmeter to see if the flow is all 
liquid in that region. Check at the sightglass at the inlet of the test section to 
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see if the flow is circulating in the loop. When both of the above conditions 
are met then open the valves to the flowmeter and close the flowmeter 
bypass valve. The flowmeter is now functional and should output the 
refrigerant flowrate on the computer. If after several minutes the flowmeter 
still outputs a zero signal, open the bypass valve to the flowmeter, close 
the valves to the flowmeter increase the pump speed at the controller and 
let the system run until the flow is consistently single-phase at the flowmeter 
outlet 
Refrigerant Loop Operating Procedures 
Operating the system consists of working with the refrigerant pump to arrive at the 
desired refrigerant flowrate, adjusting the refrigerant heaters to arrive at the desired vapor 
quality and the water flowrates to arrive at the desired temperature. The order of operation 
should be to first set the refrigerant flowrate then the vapor quality and, finally, the system 
temperature. 
1. Set the desired refrigerant flowrate by setting the pump speed at the 
controller. 
2 . Wait until the flowrate has stabilized and tum on the water cooling system. 
Set the water flow rates at each of the test sections at 0.5 gpm and at the 
after condenser at 1 gpm. Since the heaters will be turned on next this 
cooling is necessary to make sure that no overheating will occur 
3. Make sure that the settings at the heater control boxes read O. Turn on the 
power switch to the superheater andlor evaporator. Set the power input at 
the heater control boxes. Turn on the topmost heater first, then adjust heat 
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input until the power is adequate for the test by turning on the heaters in 
downward sequence 
4. Keep adjusting the refrigerant flowmeter and the heater settings until the 
system has reached the desired vapor quality and volume flowrate. Note: 
the refrigerant flowrate will also effect the vapor quality. 
5. Once the flow has stabilized and the quality is more or less constant and 
they are both at the desired level, the next step is to set the system 
temperature and pressure using the water flow rates. 
6. By decreasing the water flow rates at the test section and at the after 
condenser, the system temperature and pressure will increase; By 
increasing it the opposite effect will occur. In most cases lowering the 
water flowrates in the after condenser is sufficient to increase the refrigerant 
temperatures at the desired level. However, at higher temperatures, one 
may have to decrease the test section water flowrates to attain the desired 
temperature. The test section water flowrates are generally used to 
to control the water ~ T at the test sections which should be kept as small as 
practical while still maintaining an accurately measurable value. 
7. The system temperature is very sensitive and responds very fast to any 
change in the after condenser flowrate whereas the refrigerant flowrate and 
the vapor quality respond very slowly to any change in the pump speed and 
the heater settings. This knowledge is useful at this stage to reach system 
steady state. 
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8. To check for system steady state, the test section inlet temperature, the 
quality and the refrigerant flowrate should be checked closely to notice any 
change. All these parameters are displayed onthe computer screen. The test 
section inlet temperature and the refrigerant flow rate are measured. The 
quality is calculated based on the heat input by the heaters. If the system 
gets to a point where these parameters are oscillating around the desired 
values and the oscillations are small then the system has reached steady 
state. 
9. Once the system reaches steady state, start saving the data and record the 
water flow rates off the rotameters. Measure with a graduated cylinder and 
stopwatch. 
Refrigerant Loop Shutdown 
Before shutting down the system one must consider the fact that if the system is 
originally at a high pressure and the pressure is suddenly brought down the sudden change 
will cause some instabilities in the system. For this particular loop one of the instabilities 
observed was a type of plug flow phenomenon where vapor is trapped in the refrigerant 
loop and the pump seems to be unable to move the refrigerant through the loop. This is 
observed at the sightglass at the outlet of the pump and at the inlet of the test section. 
Although the flow appears to be two-phase at the pump outlet there appears to be no flow at 
the inlet of the test section. By looking at the pressure readings across the pump one will 
notice that there is no pressure differential across the pump. At this stage it seems that the 
pump is just stin:ing the refrigerant but it is unable to move it through the loop. If that 
happens during shutdown the best way to treat it is to turn off the refrigerant pump, the 
heaters and the water cooling system and to wait about 20 minutes, and turn on the pump 
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again and once the flow is restored in the system, tum on the water system. One way to 
avoid this problem is to increase the refrigerant flowrate immediately before shut down to 
make sure that the refrigerant keeps circulating in the system. 
1. Increase the refrigerant flow rate by turning up the pump speed. 
2. Slowly decrease the heat input using the settings at the heater 
controllers. 
3. Once the heater setting is at the lowest position, turn the toggle switch 
of the control box to the off position and tum off the refrigerant 
heater circuit box. 
4. Slowly increase the water flow rates at the after condenser and in the test 
section. 0.5 gpm each is desirable. 
5. Keep the system running with the refrigerant pump and the water system 
on until the system reaches room temperature and saturation pressure. 
Note: It is acceptable if the flow is two-phase at the pump outlet as long as 
the flowmeter is bypassed and the refrigerant is circulating in the loop. 
6. Tum off the water cooling system. 
7. Tum off the refrigerant pump. 
8. Tum off the refrigerant pump circuit box. 
9. Tum off the computer system. 
Water Cooling System 
Components and Terminology 
The components of the water cooling system are: the main supply valve which 
serves to open or close the system to the university main water line, the float valve in the 
supply tank which serves to control the water supply from the main valve to the supply 
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tank. the water supply pump which circulates water through the two test sections and the 
after condenser,the control valves placed at the inlet of the test sections and the after 
condenser which are used to control the water flow rates, the rotameters, placed at the 
outlet of the loops which are used to measure the water flowrates. There are two sets of 
rotameters for each loop, one to operate at low water flow rates ( 0-1 gpm) and another to 
operate at high water flow rates (1-5 gpm). The waste pump serves to pump the water 
through the University drainage system. There is a needle valve at the outlet of the waste 
pump which serves to control the water flow from the waste pump to the main waste valve. 
Finally the main waste valve through which the water is drained into the university 
drainage. 
Water Cooling System Startup And Operations 
1. Check the water level at the supply tank. If the supply tank is full proceed 
to step 3 below. If the supply tank is less than 3/4 full proceed to step 2. 
This measure is necessary because if the tank is full and the main supply 
valve is open the supply tank might overflow by the time the supply pump 
is turned on. 
2. Open the main supply valve less than 1/4 of the way. 
3. Open the control valves about 1/4 of the way. 
4. Check that the ball valves to the high range rotameters are open. 
5. Check that the needle valve at the outlet of the waste pump is open. 
6. Open the main waste valve all the way. 
7. Turn on the waste pump. 
8. Turn on the supply pump. 
9. Adjust the water flow rates at the control valves or at the needle valves at the 
inlet of the rotameters. 
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10. The water system should be turned on to check that it is functional before 
cooling is required at the main loop. 
Water System Shutdown 
1. Turn off the supply pump. 
2. Turn off the waste pump. 
3. Close the control valves. 
4. Close the main supply and the main waste valves .. 
Water Cooling System Trouble Shooting 
The following is a list of problems that are commonly observed in the water 
cooling system and possible solutions. 
1. Supply pump is on, and all the valves are open but there is no water flow in 
the system as noticed by a glance at the rotameters. 
The supply pump is probably unprimed. Turn off the supply pump 
and proceed to the "Priming The Supply Pump" instruction below. 
2. Waste pump is on and the all valves are open but water is not flowing out of 
the waste tank as noticed by increasing water level at the waste tank or 
water overflowing out of the waste tank. 
The waste pump is probably unprimed. Move all water hoses from 
the waste tank to the supply tank and proceed to the "Priming the 
Waste Pump" instructions below. 
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3. The supply pump is working but the supply tank is overflowing. 
The main supply valve is probably open too wide. If the flow rates 
at the test sections and at the after condenser are low and the main 
supply valve is open too wide the water will overflow out of the 
supply tank. Although the float valve in the supply tank is supposed 
to shut off the flow rate out of the main supply valve it is not a 
perfect device. 
Priming The Supply Pump 
1. Turn off the supply pump and close all the control valves to the test 
sections and the after condenser. 
2. Open the supply pump bypass valves. 
3. Unscrew the cap of the pipe located at the outlet of the supply pump bypass. 
4. Quickly open the main supply valve and when the water is ejected from the 
pipe quickly screw the cap back. Quickly close all the bypass valves. 
5. Open all the control valves to the test section and to the after condenser. The 
supply pump should now be primed and ready to operate. 
Priming The Waste Pump 
1. Turn off the waste pump and the supply pump. 
2. Close the control valve at the outlet of the waste pump. 
3. Unscrew the cap off the pipe located at waste pump suction line .. 
4. Fill up the suction line with water until the pipe is full. 
5. Screw the cap back in place. 
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6. Open the control valv~. The waste pump should now be primed and ready 
to operate. 
Data Acquisition IComputer System Startup and Operations 
Components and Terminology 
The computer system consists of a datalogger whose function is to log the data 
and to send it to the computer via the communication software, two multiplexers through 
which the datalogger reas the sensor measurements, a communications bus through which 
data is sent from the datalogger to the computer and a Mac Plus computer which reads, 
displays and saves the data. 
The datalogger program is written in Table 1 of the datalogger. In mode 6 
instantaneous data measurements are displayed before they are averaged. Mode 0 is used to 
compile the datalogger program . All modes are accessed by pressing * and the mode 
number. The True Basic Program in the computer is in the "Comlib" folder. The 
"Comlib" folder contains all the files that make up the Comlib library. The "Comlib" is the 
library that makes up all the True Basic communications files. 
Computer System Startup 
1. Turn on the datalogger by punching in the following sequence: 
* 1 
A 
10 
A 
*0 
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The datalogger is now set to sample data every 10 seconds. 
2. Turn on the Mac Plus Computer. 
3. Choose the "Comlib" folder by clicking on it twice from the "hard disk". 
4. Choose the data acquisition by clicking twice on the "sub8" file or the latest 
version of the data acquisition program while in the "Comlib" folder. 
5. The "sub8" file should be displayed in True Basic now. Open the 
"run" window and choose "run" to run the program. The program should 
display the schematic of the apparatus with all the measurements after one 
minute and will continue to do so every minute until the program is 
stopped. 
6. To save the data click on the "1 min" box on the upper right corner of the 
computer screen within 15 seconds of the last computer screen update. 
7. To stop saving the data click again on the "1 min" box on the right upper 
corner of the computer screen within 15 seconds of the last computer screen 
update. 
Computer System Shutdown 
1. While the data is being displayed, open the "run" window and choose 
"Stop". 
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2. The program should be displayed now in "True Basic" . To leave "True 
Basic" open "file" and Choose "quit". The Comlib folder should be 
displayed now. 
3. Open "Special" and choose "Shut down" to turn off the computer. The 
screen will indicate that the computer is ready to be turned off. 
4. Switch the computer off with the onloffbutton on the back of the computer. 
50 In the datalogger perform the following sequence of operations 
*1 
A 
3600 
A 
*0 
The datalogger is now set to sample data every 3600 seconds. The data logger should 
not be turned off. Once the data logger is turned off, the program will be erased since it 
does not have memory. Therefore when the system is not operating one should only 
decrease the sampling rate. If the datalogger needs to be disconnected for some reason one 
should check that the batteries inside are working by including this program segment in the 
daatalogger code: 
PlO 
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00 1: Storage Location 
P10 is the instruction for the datalogger to display the battery voltages. The storage 
location is any location in the * 6 mode where the battery voltage can be displayed. 
Computer System Trouble Shooting 
1. The datalogger is sampling data but an error statement" Val string is not a 
proper number" appears when one tries to run the computer program. 
There is communications problem between the datalogger and the calling 
subroutine of the computer program. Try to run the program again, if that 
fails, perform the instruction # 5 sequence in the "Computer System 
Shutdown" above, and run the computer program. While the computer 
program is running, perform instruction # 1 sequence in the "Computer 
System Startup" instruction above. 
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APPENDIX B 
SINGLE TUBE CONDENSER. DATA COMMUNICATIONS AND 
DISPLAY PROGRAM 
!Program to display experimental data collected from Campbell Scientific 
! Datalogger on the Mac. 
! 
!Written by Danielle Bonhomme, David Hinde, Brian Fay, Scott Wattles and Monte 
Dobson 
! Last Modified 7-8-91 
!-------------------------------------------------------------------------
!-------------------------------------------------------------------------
! Subroutine to draw apparatus 
Sub apparatus 
Library "quicklib*" 
Library "maclib*", "s_trap*", "addr*" 
Library "comlib*" 
!Water Lines 
Call PenNormal 
Plot Lines: 0.494,0.928;0.435,0.928 !Temperature Lines 
Plot Lines: 0.858,0.928;0.809,0.928 ! Around Test Section 
Plot Lines: 0.224,0.928;0.336,0.928 
Plot Lines: 0.599,0.928;0.709,0.928 
Plot Lines: 0.185,0.335;0.185,0.375 ! Around Aftercond. 
Plot Lines: 0.185,0.420;0.185,0.460 
Call Pensize(2,2) 
Plot Lines: 0.125,0.990;0.125,0.740; !Around Test Section 
Plot Lines:0.493,0.740;0.493,0.990 
Plot Lines: 0.500,0.990;0.500,0.740; 
Plot Lines:0.867,0.740;0.867,0.990 
Plot Lines: 0.093,0.42;0.13,0.46;0.23,0.46 !Around Aftercondenser 
Plot Lines: 0.093,0.33;0.13,0.29;0.23,0.29 
Call PenNormal 
!Pressure Lines for Test Section 
Call Pensize(3,3) 
Plot Lines: 0.125,0.730;0.125,0.525 
Plot Lines: 0.867,0.730;0.867,0.525 
Plot Lines: 0.248,0.545;0.438,0.545 
Plot Lines: 0.568,0.545;0.739,0.545 
Call PenNormal 
!Refrigerant Pressure Boxes . 
Box Lines 0.125,0.248,0.52,0.565 
Box Lines 0.744,0.867,0.52,0.565 
Box Lines 0.445,0.568,0.52,0.565 
Box Lines 0.005,0.114,0.594,0.639 
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!Test Section Outlet 
!Test Section Inlet 
!Differential Pressure 
!After Test Section 
Box Lines 0.005,0.114,0.195,0.240 
Box Lines 0.684,0.790,0.031,0.076 
Box Lines 0.880,0.995,0.535,0.580 
!Refrigerant Temperature Boxes 
Box Lines 0.005,0.114,0.645,0.690 
Box Lines 0.005,0.114,0.508,0.553 
Box Lines 0.005,0.114,0.247,0.292 
Box Lines 0.582,0.684,0.031,0.076 
Box Lines 0.880,0.995,0.585,0.630 
Box Lines 0.880,0.995,0.635,0.680 
!Water Temperature Boxes 
Box Lines 0.125,0.224,0.905,0.95 
Box Lines 0.336,0.435,0.905,0.95 
Box Lines 0.500,0.599,0.905,0.95 
Box Lines 0.709,0.808,0.905,0.95 
Box Lines 0.138,0.233,0.29,0.335 
Box Lines 0.138,0.233,0.375,0.42 
!Flowmeter 
Box Lines 0.412,0.550,0.031,0.076 
Box Lines 0.265,0.405,0.031,0.076 
!Arrows 
!Aftercondenser Outlet 
!Heater Inlet 
!Heater Outlet 
!After Test Section 
!Aftercondenser Inlet 
!Aftercondenser Outlet 
!Heater Inlet 
!Heater Outlet 
!Tsat for P Heater Outlet 
!TSI Inlet 
!TS 1 Differential 
!TS2 Inlet 
!TS2 Differential 
!Aftercond. Inlet 
!Aftercond. Differential 
Plot Lines: 0.475,0.938;0.495,0.928;0.475,0.918 
Plot Lines: 0.848,0.938;0.868,0.928;0.848,0.918 
Plot Lines: 0.244,0.938;0.224,0.928;0.244,0.918 
Plot Lines: 0.619,0.938;0.599,0.928;0.619,0.918 
Plot Lines: 0.178,0.365;0.185,0.335;0.192,0.365 
Plot Lines: 0.178,0.430;0.185,0.460;0.192,0.430 
!Thennocouples on Test Section 
Let y = 0.135 !TC 2,3,5-20,22,23 
For x = 1 to 10 
Ifx = 6 then let y = y + 0.025 
Box Lines y,y+0.07,0.753,0.798 
Box Lines y,y+0.07,0.672,0.717 
Let y = y + 0.07 
Next x 
Box Lines 0.790,0.860,0.803,0.848 
Box Lines 0.790,0.860,0.622,0.667 
Box Lines 0.135,0.205,0.803,0.848 
Box Lines 0.135,0.205,0.622,0.667 
Box Lines 0.890,0.985,0.730,0.775 
Box Lines 0.020,0.115,0.730,0.775 
!Heater 
Call Pensize(2,2) 
!TC 1 
!TC4 
!TC21 
!TC24 
!TC well in 
!TC well out 
Box Lines 0.8,0.997,0.01,0.475 
Call PenNonnal 
!Heater Box 
Call Textsize(9) 
Plot Text,at 0.82,0.430: "Q Superheater" 
Plot Text,at 0.83,0.090: "Q Evaporator" 
Plot Text,at 0.86,0.250: "Q Total" 
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Box Lines 0.84,0.96,0.035,0.080 
Box Lines 0.84,0.96,0.375,0.420 
Box Lines 0.84,0.96,0.195,0.240 
Box Lines 0.885,0.96,0.125,0.170 
Box Lines 0.885,0.96,0.300,0.345 
!Quality 
Box Lines 0.880,0.995,0.485,0.530 
!Receiver 
Call Pensize(2,2) 
Box Lines 0.005,0.05,0.01,0.15 
Set color 3 
Flood 0.03,0.125 
!Aftercondenser 
Call Pensize(2,2) 
Set color 1 
Box Circle 0.015,0.105,0.3075,0.4425 
Box Circle 0.03,0.09,0.33,0.42 
Set color 3 
Flood 0.0225,0.375 
Call PenNonnal 
!Refrigerant Pump 
Call Pensize(2,2) 
Box Circle 0.13,0.17,0.006,0.055 
!Evaporator 
!Superheater 
!Total 
!TC 
!TC 
!Quality 
Plot Lines: 0.15,0.055;0.19,0.055;0.19,0.02;0.165,0.02 
Set color 3 
Flood 0.15,0.03 
Flood 0.18,0.03 
Call PenNormal 
!Apparatus Tubing 
Call Pensize(3,3) 
! CHANGED THESE FOR UNITS 
Plot Lines: 0.005,0.153;0.005,0.330;0.027,0.330 !Below Aftercond. 
Plot Lines: 0.027,0.430;0.005,0.430;0.005,0.730;0.995,0.730; !Above Aft. 
Plot Lines: 0.995,0.483 
Plot Lines: 0.798,0.030;0.194,0.030 
Plot Lines: 0.050,0.030;0.125,0.030 
!Receiver Bypass 
Plot Lines: 0.005,0.175;0.100,0.175;0.100,0.0303 
!Pump Bypass 
Plot Lines: 0.100,0.115;0.230,0.115;0.230,0.0303 
!Flowmeter Bypass 
Plot Lines: 0.250,0.030;0.250,0.115;0.560,0.115;0.560,0.03 
Call PenNonnal 
Call Labels 
End Sub 
!----------------------------------------------------------------------------
Sub OutputIcon ! Draws litte disc icons in 
Box Lines 0.89,0.95,0.89,0.99 ! upper right corner to 
Box Lines 0.9,0.94,0.94,0.99 ! indicate output recording 
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Box Lines 0.925,0.93,0.955,0.99 ! in 1 or 5 minute intervals 
!Box Lines 0.89,0.95,0.75,0.85 
!Box Lines 0.9,0.94,0.80,0.85 
!Box Lines 0.925,0.93,0.815,0.85 
Set Color 1 
Flood 0.927,0.96 
!Flood 0.927,0.82 
Set Color 3 
Flood 0.9,0.9 
!Flood 0.9,0.76 
Call Textsize(9) 
!Plot Text, at 0.91,0.86:"OUTPUT" 
Plot Text, at 0.96,0.90:"min" 
!Plot Text, at 0.96,0.76:"min" 
Call Textsize(24) 
Plot Text, at 0.96,0.925:"1" 
!Plot Text, at 0.96,0.785:"5" 
End Sub 
!------------------------------------------------
Sub Mouse(flag) ! Waits for 15 minutes to see if 
Let time1 = time ! mouse has been pressed. If it 
Do While time-time1 < 15 ! is pressed, it returns the x,y 
Get Mouse x,y,state ! coordinates and lets state = 2 
If state = 2 then Exit Do ! If not pressed, state is set to 
Loop ! zero 
If state = 2 then 
Let xmouse = x 
Let ymouse = y 
! If mouse has been clicked on screen, i.e., state=2, then determine why 
! the mouse was clicked and set flag to appropriate number. 
! Flag = 1 : Record or stop recording output in 1 minute increments 
! Flag = 2 : Record output in 5 minute increments 
If xmouse>O.88 and ymouse>O.86 then let flag = 1 
!lfxmouse>0.88 and ymouse>O.74 and ymouse<0.86 then let flag = 2 
Else 
Let flag =0 
End If 
End Sub 
!--------------------------------------------------------------------------
Sub LABELS 
!Text 
Call TextSize(9) 
Plot Text,at 0.135,0.955:"T_in" 
Plot Text,at 0.336,0.955:"T_diff' 
Plot Text,at 0.51O,0.955:"T_in" 
Plot Text,at 0.709,0.955:"T_diff' 
Plot Text,at 0.135,0.570:"P _out" 
Plot Text,at 0.465,0.570:"P _diff' 
Plot Text,at 0.809,0.570:"P _in" 
Plot text, at .899,.690: "T Sat" 
! Plot Text,at 0.085,0.655:"C" 
! Test change 
!After Test Section 
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! 
Plot Text,at 0.085,0.604:"kPa" 
Plot Text,at 0.085,0.518:"C" 
Plot Text,at 0.109,0.468:"P" 
Plot Text,at 0.085,0.257:"C" 
Plot Text,at 0.109,O.205:"P" 
! HERE Is the TEST BOX for Tdiff 
Plot Text,at 0.243,0.300:"T_in" 
Plot Text,at 0.243,0.385: "T_diff' 
Plot Text,at 0.891,0.595:"T" 
Plot Text,at 0.891,0.545:"P" 
Plot Text,at 0.637,0.081:"T" 
Plot Text,at 0.706,0.081:"P" 
Plot text,at 0.890,O.785:"Twell in" 
Plot text,at 0.015,O.785:"Twell out" 
Plot Text,at 0.430,0.084:"Flow Rate" 
Plot Text,at 0.285,0.084: "Mass Flux" 
!Aftercondenser In 
!Aftercondenser Out 
!Aftercondenser Water 
!Heater Outlet 
Plot Text,at 0.319,0.645:"Test Section Thermocouples, C" 
End Sub 
!---------------------------------------------------------------------
!Subroutine to Print Data in SI units 
Sub PrlntDataSI(zO,Phase) 
!Pressure Boxes 
If z(1O)<1000 then 
Plot Text,at 0.135,0.53:using$("###.# kPa",z(lO» !Test Section Outlet 
Else 
Plot Text,at 0.135,0.53 :using$("#### kPa",z(lO» 
End If 
If z(15)<1000 then 
Plot Text,at 0.754,O.53:using$("###.# kPa",z(15» !Test Section Inlet 
Else 
Plot Text,at 0.754,0.53:using$("#### kPa",z(15» 
End if 
Plot Text,at 0.450,0.53:using$("##.## kPa",z(16» !Differential Pressure 
If z(9)<lOOO then 
Plot Text,at 0.015,0.604:using$("###.#kPa",z(9» !After Test Section 
Else 
Plot Text,at 0.015,0.604:using$("#### kPa",z(9» 
End if 
If z(11)<1000 then 
Plot Text,at 0.0 15,0.468:using$("###.#kPa" ,z( 11» !Aftercondenser Inlet 
Else 
Plot Text,at 0.015,0.468:using$("#### kPa",z(11» 
End if 
If z(12)<1000 then 
Plot Text,at 0.015,O.205:using$("###.#kPa",z(12» !Aftercondenser Outlet 
E~ . 
Plot Text,at 0.015,O.205:using$("#### kPa",z(12» 
End if 
If z(14)<1000 then 
Plot Text,at 0.691,0.041:using$("###.#kPa",z(14» !Heater Inlet 
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Else 
Plot Text,at 0.691,0.041:using$("#### kPa",z(14» 
End if 
If z(13)<I000 then 
Plot Text,at 0.887,0.545:using$("###.# kPa",z(13» !Heater Outlet 
Else 
Plot Text,at 0.887,0.545 : using$("#### kPa",z(13» 
End If 
!Refrigerant Temperature Boxes 
Plot Text,at 0.015,0.655: using$("##.## C",z(4» 
Plot Text,at 0.015,0.518: using$("##.## C",z(2» 
Plot Text,at 0.015,0.257: using$("##.## C",z(3» 
Plot Text,at 0.595,0.041 : using$("##.## C",z(6» 
Plot Text,at 0.887,0.595: using$("##.## C",z(5» 
Plot Text,at 0.887,0.645: using$("##.## C",z(62» 
!Water Temperature Boxes 
Plot Text,at 0.135,0.915 : using$("##.## C",z(7» 
Plot Text,at 0.346,0.915: using$("##.## C",z(41» 
Plot Text,at 0.510,0.915 : using$("##.## C",z(8» 
Plot Text,at 0.719,0.915 : using$("##.## C",z(42» 
Plot Text,at 0.148,0.300 : using$("##.## C",z(1» 
Plot Text,at 0.148,0.385: using$("##.## C",z(43» 
!Thermocouples 
Plot Text,at 0.796,0.813: using$("##.##",z(17» 
Plot Text,at 0.796,0.763: using$("##.##",z(18» 
Plot Text,at 0.796,0.682: using$("##.##",z(19» 
Plot Text,at 0.796,0.632: using$("##.##",z(20» 
Plot Text,at 0.726,0.763: using$("##.##",z(21» 
Plot Text,at 0.726,0.682: using$("##.##",z(22» 
Plot Text,at 0.656,0.763: using$("##.##",z(23» 
Plot Text,at 0.656,0.682 : using$("##.##" ,z(24» 
Plot Text,at 0.586,0.763: using$("##.##",z(25» 
Plot Text,at 0.586,0.682: using$("##.##",z(26» 
Plot Text,at 0.516,0.763: using$("##.##",z(27» 
Plot Text,at 0.516,0.682: using$("##.##",z(28» 
Plot Text,at 0.421,0.763: using$("##.##",z(29» 
Plot Text,at 0.421,0.682: using$("##.##",z(30)) 
Plot Text,at 0.351,0.763: using$("##.##",z(31» 
Plot Text,at 0.351,0.682: using$("##.##",z(32» 
Plot Text,at 0.281,0.763: using$("##.##",z(33)) 
Plot Text,at 0.281,0.682: using$("##.##",z(34» 
Plot Text,at 0.211,0.763: using$("##.##",z(35» 
Plot Text,at 0.211,0.682: using$("##.##",z(36)) 
Plot Text,at 0.141,0.813: using$("##.##",z(37» 
Plot Text,at 0.141,0.763 : using$("##.##",z(38» 
Plot Text,at 0.141,0.682: using$("##.##fI,z(39» 
Plot Text,at 0.141,0.632: using$("##.##",z(40» 
Plot Text,at 0.900,0.740: using$("##.## C",z(44» 
Plot Text,at 0.030,0.740: using$("##.## C",z(45» 
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!After Test Section 
!Aftercondenser Inlet 
!Aftercondenser Outlet 
!Heater Inlet 
!Heater Outlet 
!Tsat for P Heater Outlet 
!TSI Inlet 
!TS 1 Differential 
!TS2 Inlet 
!TS2 Differential 
!Aftercondenser Inlet 
!Aftercond. Differential 
!Thermocouple 1 
!Thermocouple 2 
!Thermocouple 3 
!Thermocouple 4 
!Thermocouple 5 
!Thermocouple 6 
!Thermocouple 7 
!Thermocouple 8 
!Thermocouple 9 
!Thermocouple 10 
!Thermocouple 11 
!Thermocouple 12 
!Thermocouple 13 
!Thermocouple 14 
!Thermocouple 15 
!Thermocouple 16 
!Thermocouple 17 
!Thermocouple 18 
!Thermocouple 19 
!Thermocouple 20 
!Thermocouple 21 
!Thermocouple 22 
!Thermocouple 23 
!Thermocouple 24 
!Thermocouple well in 
!Thermocouple well out 
!Flowmeter 
Plot Text,at 0.418,0.041 : using$("O.#### kg/s",z(46» 
Plot Text,at 0.270,0.041 : using$("#### kg/m2s",z(63» 
!Heater 
Plot Text,at 0.845,0.045: using$("##.### kW",z(47» !Evaporator 
Plot Text,at 0.845,0.385: using$("##.### kW",z(48» !Superheater 
Plot Text,at 0.845,0.205 : using$("##.### kW",z(61» !Total 
Plot Text,at 0.890,0.315 : using$("##.# C",z(50» theater thermocouple 1 
Plot Text,at 0.890,0.140: using$("##.# C",z(51» theater thermocouple 2 
!Plot Text,at 0.890,0.120: using$("##.# C",z(52» !accumulator thermocouple 
! Quality at test section inlet 
Ifz(64)>O then 
SELECT CASE Phase 
CASE 1.9 to 2.1 
Plot text,at.887,.495:using$(".### qual",z(64» 
CASE.9 to 1.1 
Plot text, at .887,.495:using$("##.# subc" ,z(62)-z(6» 
CASE ELSE 
print "lllegal value of phase ";Phase 
stop 
END SELECT 
End If 
End Sub 
!-------------------------------------------------------------------
! Put fake data in z matrix with which to format screen correctly. 
Sub FakeData(z()) 
FORx=2to 6 
Let z(x) = 140.0 
next x 
FOR x =9 to 15 
Let z(x) = 300 
next x 
Let z(16) = 2.16 
Let z(7) = 77.77 
Let z(8) = 88.88 
Let z(l) = 61.11 
FOR x = 17 to 40 
Let z(x) = 12.34 
NEXT x 
Let z(41) = 4.141 
Let z(42) = 4.242 
Let z(43) = 12.23 
Let z( 45) = 0.5 
Let z(46) = 0.961 
Let z(47) = 1.125 
!Temps 
!Pressures 
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End sub 
!--------------------------------------------------------------------------
! Derme Conversion functions 
! Diffmeans differential, Abs means absolute, TdF=temp degrees F, TdC=deg C. 
! LiqDensity is from curve fit. 
DEF Cubic(a,b,c,d,x)=a+x*(b+x*(c+d*x» 
DEF Psi_to_kPA(pSI) = Psi/0.14504 
DEF DiffI'dFtoTdC(TdF) = Tdf*5/9 
DEF AbsTdFtoTdC(TdF)=«Tdf-32)*5/9) 
! This modified 7/10/91 to accomodate either R12 or R134 
DEF LiqDensity(Tdc,Refrig) 
SELECT Case Refrig 
Case 12 
LET First3 = Cubic(1395.3,-3.2279,-5.0982E-3,-2.121E-5,Tdc) 
LET LiqDensity=First3 -9.1153E-7*TdC"'4 
Case 134 
LET LiqDensity=Cubic(1294.8,-3.1664,-6.7362E-3,-1.3463E-4,TdC) 
Case Else 
PRINT "Illegal refrigerant" ,Refrig 
END SELECT 
ENDDEF 
DEF GpM_to_kgps(GpM,TdC,Refrig)= GpM*LiqDensity(TdC,Refrig)/(1.5850e4) 
!------------------------------------------------------------------------------
Sub ENGtoSI (zO,Refrig) 
! Convert all variables from English to SI units. 
FORn= 1 to 62 
Select Case n 
Case 1 to 8, 62 
Let z(n) = AbsTdFtoTdC(z(n» 
Case 9 to 16 
Let z(n) = Psi_to_kPA(z(n» 
Case 17 to 40 
!Let z(n) = 24.6*abs(z(n»+O.4386!DiffI'dFtoTdC(z(n» !test section 
Let z(n) = 25.93*abs(z(n»-0.565*z(n)"2 
case 41 to 43 
let z(n) = 24.6*z(n) 
Case 44 
! Modified 7/10/91 so that all absolute thennocouples on test sections 
! use same calibration as Twell in 
let z(n)=25.93*z(n)-0.565*z(n)"2 ! Twell in 
case 45 
let z(n)=25.71 *z(n)-0.59*z(n)"2 ! Twell out 
Case 47 to 61 
Let z(n) = z(n) 
Case 46 
Let z(n) = GpM_to_kgps(z(n),z(6),Refrig) 
END SELECT 
Nextn 
End sub 
!-------------------------------------------------------------------
! Subroutine to clear the data boxes 
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Sub ClearData 
!Pressure Boxes 
Box Clear 0.135,0.194,0.525,0.560 
Box Clear 0.750,0.820,0.525,0.560 
Box Clear 0.450,0.515,0.525,0.560 
Box Clear 0.015,0.070,0.599,0.634 
Box Clear 0.015,0.070,0.463,0.498 
Box Clear 0.015,0.070,0.199,0.235 
Box Clear 0.690,0.745,0.036,0.071 
Box Clear 0.885,0.955,0.540,0.575 
!Refrigerant Temperature Boxes 
Box Clear 0.015,0.080,0.650,0.685 
Box Clear 0.015,0.080,0.513,0.548 
Box Clear 0.015,0.080,0.252,0.287 
Box Clear 0.595,0.650,0.036,0.071 
Box Clear 0.885,0.955,0.590,0.625 
Box Clear 0.885,0.955,0.640,0.675 
!Water Temperature Boxes 
Box Clear 0.130,0.194,0.910,0.945 
Box Clear 0.341,0.405,0.910,0.945 
Box Clear 0.505,0.569,0.910,0.945 
Box Clear 0.714,0.778,0.910,0.945 
Box Clear 0.143,0.207,0.295,0.330 
Box Clear 0.143,0.207,0.380,0.415 
!Flowmeter 
Box Clear 0.415,0.490,0.036,0.071 
Box Clear 0.270,0.325,0.036,0.071 
Box clear 0.885,0.990,0.490,0.525 
!Heater 
Box Clear 0.845,0.955,0.040,0.075 
Box Clear 0.845,0.955,0.380,0.415 
Box Clear 0.845,0.955,0.200,0.235 
Box Clear 0.890,0.956,0.128,0.167 
Box Clear 0.890,0.956,0.303,0.342 
!TheImocouples on Test Section 
Let y = 0.135 
!Test Section Outlet 
!Test Section Inlet 
!Differential Pressure 
!After Test Section 
!Aftercondenser Inlet 
!Aftercondenser Outlet 
!Heater Inlet 
!Heater Outlet 
!After Test Section 
!Aftercondenser Inlet 
!Aftercondenser Outlet 
!Heater Inlet 
!Heater Outlet 
!Tsat for P Heater Outlet 
!TSI Inlet 
!TS 1 Differential 
!TS2 Inlet 
!TS2 Differential 
!Aftercond. Inlet 
!Aftercond. Inlet 
!Quality 
!Evaporator 
!Superheater 
!Total 
lTC's 
lTC's 
For x = 1 to 10 !TC 2,3,5-20,22,23 
Ifx = 6 then let y = y + 0.025 
Box Clear y+0.005,y+0.065,0. 7 58,0. 793 
Box Clear y+0.005,y+0.065,0.677,0.712 
Let y = y + 0.07 
Next x 
Box Clear 0.795,0.856,0.808,0.843 
Box Clear 0.795,0.856,0.627,0.662 
Box Clear 0.140,0.199,0.808,0.843 
Box Clear 0.140,0.199,0.627,0.662 
Box clear 0.895,0.980,0.735,0.770 
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!TC 1 
!TC4 
!TC 21 
!TC24 
ITC well in 
Box clear 0.025,0.110,0.735,0.770 
Call Labels 
End Sub 
!TC well out 
!-------------------------------------------------------------------
! Modified 7/10/91 so that R12 or R134 can be handled 
Sub SatTemp(P,Tsat,Refrig) 
SELECT Case Refrig 
Case 134 
LET Tsat = Cubic(-12.383,.067015,-1.736E-5,2.0761E-9,P) 
Case 12 
LET Tsat = Cubic(-15.089,.072957,-1.8683e-5,2.1534E-9,P) 
CASE ELSE 
PRINT "Invalid refrigerant = ";Refrig 
END SELECT 
End Sub 
!----------------------------------------
Sub MakeDataEng(zO,Refrig) 
! Find Tsat of Heater outlet pressure z(13) and store as z(61) 
Let P = z(13)/0.14504 . !Convert P to kPa 
Call SatTemp(P,Tsat,Refrig) !Find Tsat corresponding to P 
Let z(62) = (Tsat*9/5) + 32 !Convert Tsat back to F 
End Sub 
!----------------------------------------
Sub MakeDataSI( zO,Refrig) 
! Heater Data, Multiplier = datalogger samples per minute 
Let Multiplier = 6 
Let z(47) = z(47) * multiplier !Evaporator 
Let z(48) = z(48) * multiplier !Superheater 
Let z(61) = z(47) + z(48) !Total 
! Calculate mass flux based on mass flow rate and tube inside diameter 
Let z(63)=z(46)*4/(pi*0.007036"2) 
! Calculate approximate quality at test section inlet 
If z( 46)>0 then 
Let dh=z(61)/z(46) 
SELECT CASE Refrig 
Case 134 
Let hin=CUBIC(49.469,1.3245,2.5867E-3,0,z(6)) 
Let houtl=CUBIC(49.469,1.3245,2.5867E-3,0,z(5)) 
Let houtv=Cubic(247 .13,.57 456,-6.5564E-4,-3.2831E-6,z(5)) 
Case 12 
Let hin=CUBIC(200.13,.91394,1.6028E-3,0,z(6)) 
Let houtl=CUBIC(200.13,.91394, 1.6028E-3,0,z(5)) 
Let houtv=Cubic(352.47,.42672,2.1955E-4,-1.8426E-5,z(5)) 
Case else 
PRINT "Dlegal refrigerant type";Refrig 
END SELECT 
Let hout=hin+dh 
Let qual=(hout-houtl)/(houtv-houtl) 
Let z(64) = qual 
End if 
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. EndSub 
!---------------------------------------------------------------------
Sub DAQ(zO) 
!call receive (S$) 
call waicprompt("1991. ",Maxnum,q,S$) 
Do 
Let I=POS(S$,CHR$(13» 
If 1=0 Then Exit Do 
! Delete carriage returns in 
! datalogger output string 
Let S$[I:I]="" 
Loop 
Do 
! REPLACE LINE FEEDS BY 
! BLANK SPACE, " ", IN 
Let J=POS(S$,CHR$(lO» 
If J=O THEN EXIT DO 
Let S$[J :1]=" " ! OUTPUT STRING 
Loop 
letk=l 
Do 
Letn=k*10 
Let z(k)=VAL(S$[N-6:N-l]) 
If z(k)=1991 then exit do 
Letk=k+l 
Loop 
End Sub 
!-----------------------------------------------------------------------
Sub GraphData(zO,t) 
Window #3 
If t > 1 then plot t,z( 46); 
Window #4 
If t > 1 then plot t,z(6); 
Window #5 
If t > 1 then plot t,z(5); 
Window #6 
If t > 1 then plot t,z(62); 
End Sub 
!------------------------------------------------
Sub lnitOutput !Initializes and names new ouput file' 
Let b$ = Time$ 
. Let a$ = Date$ & "-" & b$[1:2] & b$[4:5] 
Let c$ = ''Filename = " & a$ 
Let d$ = Date$[5:6] & "-" & Date$[7:8] & "-" & Date$[3:4] 
Let e$ = "Date = " & d$ & ", Time = " & b$[1:5] 
Open #2: NAME a$ , create new 
Erase #2 
Set #2:margin 600 
Set #2:zonewidth 1 
Print #2: c$ 
Print #2: e$ 
Print #2: "Flow Rate",chr$(9), "Heater Inlet ",chr$(9),chr$(9), 
Print #2: "Heater Outlet ",chr$(9),chr$(9),chr$(9), 
Print #2: "TS Inlet",chr$(9),"TS DP",chr$(9),"TS Outlet",chr$(9), 
Print #2: "Void Sect. ",chr$(9),chr$(9),"Aft. Inlet",chr$(9),chr$(9), 
95 
Print #2: "Aft. Outlet",chr$(9),chr$(9),"Evap. Power",chr$(9), 
Print #2: "Super. Power",chr$(9),"Total Power",chr$(9), 
Print #2: "Test" ,chr$(9), "Section" ,chr$(9), "T-
couples" ,chr$(9)," [C]" ,chr$(9),chr$(9),chr$(9),chr$(9), 
Print #2: chr$(9),chr$(9),chr$(9),chr$(9),chr$(9),chr$(9),chr$(9),chr$(9), 
Print #2: chr$(9),chr$(9),chr$(9),chr$(9),chr$(9),chr$(9),chr$(9),chr$(9), 
Print #2: chr$(9), "TS 1 Water In" ,chr$(9), 
Print #2: "TS1 Water DT",chr$(9),"TS2 Water In",chr$(9), "TS2 Water 
DT" ,chr$(9), 
Print #2: "Aft Water In",chr$(9), "Aft Water DT",chr$(9),chr$(9) 
Print #2: tom [kg/s]",chr$(9),"P [kPa]",chr$(9),"T [C]",chr$(9),"P 
[kPa] " ,chr$(9), 
Print #2: "T [C]",chr$(9),"Tsat [C]",chr$(9),"P [kPa]",chr$(9),"P [kPa]",chr$(9), 
Print #2: lop [kPa]",chr$(9),"P [kPa]",chr$(9),"T [C]",chr$(9), 
Print #2: "P [kPa]",chr$(9),"T [C]",chr$(9),"P [kPa]",chr$(9),"T [C]",chr$(9), 
Print #2: "Q [kW]",chr$(9),"Q [kW]",chr$(9),"Q [kW]",chr$(9), 
Print #2: "TC1 ",chr$(9),"TC2",chr$(9),"TC3",chr$(9),"TC4",chr$(9) , 
Print #2: "TC5" ,chr$(9),"TC6" ,chr$(9), "TC7" ,chr$(9),"TC8" ,chr$(9), 
Print #2: "TC9",chr$(9),"TClO",chr$(9),"TC11 ",chr$(9),"TC12" ,chr$(9), 
Print #2: "TC13",chr$(9),"TC 14",chr$(9),"TC15",chr$(9),"TC 16",chr $(9), 
Print #2: "TC17",chr$(9),"TC18",chr$(9),"TC19",chr$(9),"TC20" ,chr$(9), 
Print #2: "TC21 " ,chr$(9), "TC22 " ,chr$(9), "TC23 ",chr$(9), "TC24" ,chr$(9), 
Print #2: "T [C]",chr$(9),"T [C]",chr$(9),"T [C]",chr$(9),"T [C]",chr$(9),. 
Print #2: "T [C]",chr$(9),"T [C]",chr$(9),"Twell in ",chr$(9), 
Print #2: "Twell out ",chr$(9) 
End Sub 
!----------------------------------------------------------------------------
Sub SaveOutput(z()) ! saves data to open output file 
Print #2: z( 46),chr$(9),z(14 ),chr$(9),z( 6),chr$(9),z( 13),chr$(9), 
Print #2: z(5),chr$(9),z( 62),chr$(9),z( 15),chr$(9),z( 16),chr$(9), 
Print #2: z(1O),chr$(9),z(9),chr$(9),z( 4),chr$(9), 
Print #2: z(11),chr$(9),z(2),chr$(9),z(12),chr$(9),z(3),chr$(9), 
Print #2: z( 47),chr$(9),z( 48),chr$(9),z( 61 ),chr$(9), 
Print #2: z(17),chr$(9),z(18),chr$(9),z(19),chr$(9),z(20),chr$(9), 
Print #2: z(21 ),chr$(9),z(22),chr$(9),z(23 ),chr$(9),z(24 ),chr$(9), 
Print #2: z(25),chr$(9),z(26),chr$(9),z(27),chr$(9),z(28),chr$(9), 
Print #2: z(29),chr$(9),z(30),chr$(9),z(31 ),chr$(9),z(32),chr$(9), 
Print #2: z(33),chr$(9),z(34 ),chr$(9),z(35),chr$(9),z(36),chr$(9), 
Print #2: z(37),chr$(9),z(38), 
Print #2: chr$(9), 
Print #2: z(39),chr$(9),z( 40),chr$(9), 
Print #2: z(7),chr$(9),z( 41 ),chr$(9),z(8),chr$(9),z( 42),chr$(9), 
Print #2: z( 1 ),chr$(9),z( 43),chr$(9),z( 44 ),chr$(9),z( 45),chr$(9) 
! Print #2: z(1),chr$(9),z(44),chr$(9) 
End Sub 
!--------------------------------------------------~-----------------------
Sub SaveThislf(flag,Continue,zO) 
Ifflag=l or Continue 1 = 1 then 
If flag = 1 and Continue 1 = 1 then 
Close #2 
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Box Clear 0.91,0.99,0.859,0.88 
Plot Text, at 0.91,0.86:"OUTPUT" 
End If 
If flag = 1 and Continue 1 = 0 then 
Call InitOutput 
Let Continuel = 1 
Let flag =0 
End If 
If flag = 1 and Continuel = 1 then Let continue 1 = 0 
Let flag = 0 
If Continue 1 = 1 then 
Call SaveOutput(z) 
Box Clear 0.91,0.99,0.859,0.88 
Plot Text, at 0.91,0.86:"SAVING" 
End If 
End if 
If Continue 1 = 0 then Plot Text, at 0.91,0.86:"OUTPUT" 
End Sub 
!--------------------------------------------------------------------------
! MAIN PROGRAM - MAIN PROGRAM - MAIN PROGRAM - MAIN PROGRAM 
- MAIN PROGRAM 
!--------------------------------------------------------------------------
Oimz(lOO) 
00 
input prompt "Refrigerant type (12 or 134) ":Refrig 
loop until Refrig=12 or Refrig=134 
00 
input prompt "Single or two-phase testing (lor 2) ":Phase 
Loop until Phase= 1 or Phase=2 
!let dumb$=" T(C) Liq Density" 
!let dumm$=" ## ####.#" 
!for t=lO to 80 step lO 
! let rho=liqdensity(t,Refrig) 
! print using dumm$:t,rho 
!nextt 
call com_open(#I,I,300,'.'OTR 08 SI P-") 
Let Continue = 0 
LetFlag=O 
Let t=1 
Open #3:screen 0.40,0.79,0.393,0.510 
Set window 0,60,0,0.030 
Box lines 0,60,0.0,0.030 
Open #4:screen 0.40,0.79,0.261,0.385 
Set window 0,60,20,lOO 
Box lines 0,60,20,100 
Open #5:screen 0.40,0.79,0.135,0.255 
Set Window 0,60,20,100 
Box Lines 0,60,20,100 
Open #6:screen 0.40,0.79,0.135,0.255 
Set Window 0,60,20,100 
Box Lines 0,60,20,100 
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!Mass Flow Rate 
!Pressure 
!Temperature 
!Saturation Temperature 
!Call FakeData(z) 
CallDAQ(z) 
! Main Loop 
Do 
Window #0 
Call apparatus 
Call OutputIcon 
!Call FakeData(z) 
CallDAQ(z) 
Call MakeDataEng(z,Refrig) 
Call EngToSI(z,Refrig) 
Call MakeDataSI(z,Refrig) 
Call ClearData 
Call PrintDataSI(z,Phase) 
Call GraphData(z,t) 
Lett = t+l 
Call Mouse(flag) 
Window #0 
Call SaveThislf(flag,Continue,z) 
Loop 
!---------------------------------------------------------------------------
! END MAIN PROGRAM - END MAIN PROGRAM - END MAIN PROGRAM-
END MAIN PROGRAM 
!---------------------------------------------------------------------------
End 
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APPENDIX C 
DATALOGGER PROGRAM 
MODEl 
SCAN RATE 10 
I:P20 
1:1 
2:1 
2:P87 
1:0 
2:8 
3:P22 
1:1 
2:1 
3:1 
4:5000 
4:P7 
1:1 
2:3 
3:1 
4:2 
5:4300 
6:1--
7:103.6 
8:0 
5:P16 
1:1 
2:1--
3:9--
4:1.8 
5:32 
6:P95 
7:P22 
1:1 
2:1 
3:0 
4:5000 
8:P2 
1:1 
2:5 
3:1 
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4:17--
5:.19941 
6:5.1333 
9:P22 
1:1 
2:1 
3:1 
4:5000 
10:P2 
1:1 
2:5 
3:1 
4:18--
5:.19964 
6:-6.186 
11:P22 
1:1 
2:1 
3:1 
4:5000 
12:P2 
1:1 
2:5 
3:1 
4:19--
5:.19924 
6:3.7806 
13:P22 
1:1 
2:1 
3:1 
4:5000 
14:P2 
1:1 
2:5 
3:1 
4:20--
5:.19944 
6:4.9358 
15:P22 
1:1 
2:1 
3:1 
4:5000 
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16:P2 
1:1 
2:5 
4:21--
5:.19927 
6:4.008 
17:P22 
1:1 
2:1 
3:1 
4:5000 
18:P2 
1:1 
2:5 
3:1 
4:22--
5:.19917 
6:4.8396 
19:P22 
1:1 
2:1 
3:1 
4:5000 
20:P2 
1:1 
2:5 
3:1 
4:23--
5:.19925 
6:-5.8 
21:P20 
1:0 
2:1 
22:P2 
1:1 
2:1 
3:2 
4:24 
5:.74675 
23:P20 
1:1 
2:2 
24:P87 
1:0 
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2:14 
25:P 
1:3 
2:1 
3:1 
4:5000 
26:P90 
1:2 
27:P2 
1:2 
2:1 
3:3 
4:25--
5:1 
6:0 
28:P95 
29:P22 
1:3 
2:13:1 
3:1 
4:5000 
30:P2 
1:1 
2:1 
3:3 
4:53 
5:1 
6:0 
31:P20 
1:0 
2:2 
32:P2 
1:1 
2:5 
3:5 
4:54--
5:.00019 
6:0 
33:P3 
1:1 
2:1 
3:2 
4:55 
5:.012 
6:0 
34:P3 
1:1 
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2:2 
3:2 
4:56 
5:.012 
6:0 
35:P17 
1:57 
36:P14 
1:3 
2:1 
3:6 
4:1 
5:57 
6:58 
7:1 
8:0 
37:P92 
1:0 
2:1 
3:10 
38:P7 
1:1000 
39:P71 
1:51 
2:9 
40:P96 
1:10 
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